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The mechanism{s) of signal transduction governing the 
mitogenesis, phagocytosis and cell adhesion in murine bone 
marrow-derived macrophages and tumour cell line PU5-1.8 cells 
was investigated. 
Membrane depolarization stimulated the mitogenesis 1n 
PU5-1.8 cells. This effect was modulated by the activation of 
protein kinase C (PKC). Several lines of evidence support 
this conclusion. 1) Membrane depolarization by ionophore 
gramicidin or high K+-HEPES buffer was found to increase the 
[3H]thymidine incorporation and an expression of cell 
proliferation-related proto-onocogenes, c-myc and c-fos. 2) 
Agonist which was found to be mitogenic triggered membrane 
depolarization. 3) Membrane hyperpolarization by ionophore 
valinomycin did not activate but inhibit the mitogenic effect 
of fetal calf serum (FCS). 4) Alkinilization of internal pH, 
an early event associated with cell proliferation, was found 
to depolarize the cells at the same time. 5) PKC activated 
by phorbol 12-myristate 13-acetate (PMA) could decrease both 
the gramicidin-mediated DNA synthesis and membrane 
depolarization. Similar results were observed in murine bone 
marrow-derived macrophages. Therefore it is possible that the 
action of membrane depolarization and the modulatory effect of 
PKC on cell proliferation were effective in both normal and 
tumour murine macrophages. 
Phagocytosis of unopsonized yeast was enhanced by the 
membrane depolarization ' and hyperpolarization in PU5-1.8 
cells. Activation of PKC by PMA could also increase this 
activities. The uptake of yeast in PU5-1.8 cells was believed 
to require an increase in cytosolic free Ca2+ concentration 
[Ca2+] i for intracellular signal transduction when stimulated 
by PMA, membrane depolarization and hyperpolarization. In 
addition, activation of PKC played dual role in modulating 
the membrane potential-mediated phagocytosis. PMA decreased 
the effect of membrane depolarization on phagocytosis but 
increased the effect of membrane hyperpolarization. A 
possible mechanism for the modulation of the plasma membrane 
depolarization-mediated phagocytosis may be at the level of 
membrane potential. The phagocytic activities in PU5-1.8 
cells could also be induced by a decrease of internal pH 
(pHi)· This finding explains the evidence that cAMP is not a 
mediator for phagocytosis in PU5-1.8 cells since cAMP was 
already found to increase internal pH in macrophages. 
Chemotactic peptide N-formyl-methionyl-leucyl-phenylalanine 
(FMLP) , lipopolysaccharide (LPS), concanavalin (Con A) and 
complement were found to stimulate phagocytosis in PU5-1.8 
cells. The effector systems involved in phagocytosis such as 
[ 2+ Ca ]i' pHi and plasma membrane potentials were investigated. 
The signal pathways of phagocytosis activated by these agents 
were very different. This observations indicate a complex 
i i 
regulation in the cells. 
The adhesion of cells to plastic surface was studied in 
PU5-l.S cells and bone m~rrow-derived macrophages. In PU5-l.S 
cells, cell adhesion was greatly decrease under the plasma 
membrane depolarization and hyperpolarization situation. On 
the other hand, activation of PKC by PMA could enhance the 
cell adhesiveness in PU5-l.8 cells. PKC modulation was also 
observed in the cell adhesion assays. Activation of PKC by 
PMA reduced the depolarization-mediated decrease of cell 
adhesion. The decrease of cell adhesion by membrane 
depolarization was also demonostrated in in vi vo studies. 
Gramicidin-treated PU5-l.8 cells when injected intravenously 
into tails of Balb/c mice prevented the cells from localizing 
around the thigh of the mice. This treatment eliminated the 
resultant disable went in locomotion as compared to the mice 
which had been injected w-i th untreated PU5-l.8 cells. In 
contrast to the phagocytosis in PU5-l.8 cells, cell adhesion 
in PU5-l.8 cells was [Ca2+]i independent. However, elevation 
of cAMP could enhance this activities. The effects of the 
agents FMLP, LPS, Con A and complement on the cell adhesion in 
PU5-l.8 cells were also determined. Obviously, they have very 
different effects on the ability of cell adhesion in PU5-l.S 
cells. Among these agents only Con A increased the 
adhesiveness while other agents showed a reduction in the cell 
adhesion in PU5-l.8 cells. In bone marrow-derived 
macrophages, the effector systems for the cell adhesion seemed 
i i i 
to be different from those of PU5-1.8 cells. Instead of 
activation, cell adhesion in bone marrow-derived macrophages 
was decreased by the elevation of cAMP. Cell adhesion 
differences between bone -marrow-derived macrophages and PU5-
1.8 cells could also be found in the dose-dependent pattern of 
PMA, gramicidin and valinomycin stimulation. These 
observations indicate a possibility that the tumour cell line 
PU5-l.8 cells may deviate from the normal macrophages at the 
cellular physiology level. In general, the pathways for the 
signal transduction are complex and modulations exists during 
the transmission of the signal. 
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OBJECTIVE OF THE STUDY 
To study the mechanisms of transmembrane signalling in 




Abstract ...•.•.• · • · • · • · • · · · · · • · · · · · • · · · • • · · · · • • • · · · • · • i 
v Acknow ledgemen ts .•.. · · • · • · · · · · · • · • • · · • · • · • · · · · · · · · · · · · 
Abbreviations ..•...•• . .......•.....•..•.... · · • · · · · · · · · vi 
Objective of the study .•.•.•...•.....•...•.....• ··· ... vii 
Contents .....•.....•......•..••..•...•.•. · · · · • · · · · · · · • vii i 
Section 1 Introduction 
1. Roles of macrophges in immune system............... 3 
2. Special features of macrophages.................... 6 
3. Transmembrane signalling in mammalian cells........ 9 
4. Transmembrane signalling in macrophages ...•...•.•.• 32 
5. Choice of the macrophages for the study .•..•..•••.. 40 
Section 2 Materials and Methods 
Materials 
1. An i mal s. • . . . . . • . • . • . • • • . • . • . • . . . • . • . • . • . . . . . • . . . • . . 44 
2. Chemicals.......................................... 44 
3. Reagents........................................... 45 
Methods 
1. ~e 11 cU,l t:u-re • : •.•.•.... : • · • · • · • · · · • · • · • · · · • · • · · · • · · 
2. H-thymIdIne IncorporatIon ..•.......•...•••.•.•.•.. 
3. Cytosolic free calcium determination •.....•.•.•.... 
4. Intracellular pH mesurement ...•.........••..•.•.... 
5. Determination of membrane potential .....•.........• 
6. Determination of phagocytic activity •...•.....•.•.. 
7. Cell adhesion assay .•.•...•.•...•.....•.........•.• 
8. Statistical analysis .••.....•••.•.••..•.........•.. 









1. Effect of membrane potential on cell proliferation in PU5-1.8 cells 
and bone marrow-derived macrophages 
Evidence for induction of cell proliferation 
mediated by membrane depolarization in 
PU5-1.8 cells.................................... 53 
Evidence of an array of agonists on 
cell proliferation and membrane potential 
in PU5-1.8 cells •.......•...•...•.•...•........ 57 
Interrelationship between membrane potential 
and FCS-mediated proliferation 
in PU 5 - 1 • 8 cell s. . . . . . . . • . . . . . • . • . • . . . . . . . . . . . . 6 1 
Cytosolic alkalinization induces 
membrane depolarization in PU5-1.B cells •...... 64 
Suppression of membrane depolarization and 
cell proliferation by protein kinase C 
vi i i 
act i v at ion •.•...••••..••....•••.....•...• · · · • · • 66 
Effect of membrane potentials on cell proliferation 
in bone marrow-derived macrophages •...•........ 6B 
2.Intracellular signals for the regulation of phagocytosis in PU5-1.B 
cells 
Phagocytosis of unopsonized yeast 
in PU5-1.B cells ..•...•.•.•.•.•.•..•..•..... •·· 71 
Effect of membrane potential on phagocytosis 
in PU 5 - 1 • B cell s. . • . • . . . • . . . . . • . • . • . • . . . . • • . • . • 7 3 
Changes in phagocytic activities in PU5-1.B cells 
by activation of protein kinase C .•...•.•.•.•.. 82 
Effects of protein kinase C on membrane potential-
induced enhancement of phagocytosis 
in PU5-1.B cells •.....•...•...•....••....••••.• B4 
Phagocytosis in PU5-1.B cells requires 
assembly of microtubule........................ 90 
Effects of intracellular calcium and cAMP 
on phagocytosis in PU5-1.B cells .......•..•.•.. 93 
Acidic intracellular pH enhances phagocytosis 
in PU 5 - 1 • 8 cell s. . • . • . . . . . . • • . • . • . • . . . • . . . • . . . • 98 
3. Effects of various agonists on phagocytosis of yeast in PU5-1.B 
cells 
Effect of chemotactic peptide N-formyl-
methionyl-leucyl-phenylalanine (FMLP) 
on phagocytosis in PU5-1.B cells ..•.......•...• 100 
Effects of lipopolysaccharide (LPS) 
on phagocytosis in PU5-1.B cells •.••..•.•.••..• 105 
Effects of concanavalin A (Con A) 
on phagocytosis in PU5-l.B cells .•..•..••.•.. -•. - 109 
Effect of complement components 
on phagocytosis in PU5-1.B cells •••...•.•.••..• 113 
4. Signal pathways for the regulation of cell adhesion on plastic 
surface in PU5-1.8 cells 
Adhesion of PU5-l.B cells on plastic surface .... 119 
Effects of membrane potential on cell adhesion on plastic 
surface in PU5-1.B cells ...•.•...•.•........... 121 
Effects of activation of protein kinase C 
on cell adhesion on plastic surface 
in PU5-1.B cells ..•...•...•.....•.........•.... 125 
Effects of intracellular calcium and cAMP on 
adhesion on plastic surface in PU5-1.B cells ... 129 
In vivo cell adhesion of PU5-1.B cells 
in Balb/c mice ....•........•..•...•............ 133 
5. Effects of various agonists on the cell adhesion on plastic surface 
in PU5-1.B cells 
ix 
Dose dependent of various agonists against 
the cell adhesion ability of PU5-1.8 cells •.... 141 
6. Cell adhesion to plastic surface in bone marrow-derived macrophages 
Membrane potentials control the adhesiveness of 
bone marrow-derived macrophages (BMDM0) 
to plastic surface ..•.•.......•...•.•...•...•.. 143 
Effects of phorbol ester PMA on cell adhesion 
to plastic surface in 
bone marrow-derived2macrophages •..•.•.•.•••••.. 143 Effects of cAMP, [Ca +]1' and microtubule assembly 
on cell adhesion to p astic surface in 
bone marrow-derived macrophages ••.•.•.•.•.•.•.• 146 
Section 4 Discussion 
1. Effects of membrane potential on cell proliferation in 
PU5-1.B cells and bone marrow-derived macrophages .. 148 
2. Intracellular signals for the regulation of 
phagocytosis in PU5-1.B cells ...........•.....•.... 151 
3. Signal pathways for the regulation of cell adhesion 
on plastic surface in PU5-l.8 cells 
and bone marrow-derived macrophages ••.•.•......•••. 158 
4. General discussion ••........•...........•.•.•...•.• 161 
Section 5. Bibliography 
References. • · •...•.....•.•.....•.•.•...•...........••. 163 
x 
Section 1 Introduction 
INTRODUCTION 
Early in 1863, von Recklinghausen described cells in the 
inflammed cornea and the ornentun which were different from 
the pus cells and in 1876 von Kupffer described the phagocytes 
of the liver. Ponfick (1869) injected cinnabar into the blood 
stream and showed that it was taken up by cells in the 
vincinity of hepatic blood vessels. Cells in the same area 
were shown by von Kupffer (1869) to have a stellate appearance 
after impregnation wi th gold chloride and by Wyssokowi tch 
(1887) to phagocytose injected bacteria. It was however the 
Russian zoologist Metchnikoff who really established the 
importance of these cells and called them "macrophages". 
Nowadays macrophages have been studied extensively and 
the functions of these cells in the immune syste~ were well 
reported. These cells deri ve from bone marrow promonocytes 
which, after differentiation to blood monocytes, finally 
settle in the tissues as mature macrophages, where they 
constitute the mononuclear phagocyte system. They are present 
throughout the connective tissue and around the basement 
membrane of small blood vessels and are particularly 
concentrated in the lungs (alveolar macrophages), liver 
(Kupffer cells); and lining of spleen sinuosoids and lymph 
1 
nodes medullary sinuses. Other examples are mesangial cells in 
the kidney glomerulus, brain microglia and osteoclasts in 
bone. It is now agreed that macrophages throughout the body 
are derived from bone marrow. Progeni tors common to the 
granulocytic and monocytic series give rise to promonocytes in 
the bone marrow. These promonocytes differentiate into blood 
monocytes which represent a circulating pool and migrate into 
various organs and tissue systems to become macrophages. The 
fairly rapidly dividing stem cells in the marrow form the 
macrophage precursor circulating in the blood can also pass 
into the tissue slowly to replenish local populations. 
The residential macrophages in various tissues play an 
important role in the innate immune system of higher organisms 
where they are strategically placed to fil ter off foreign 
materials by the well-known process known as phagocytosis. 
Besides, macrophages are also involved in the acquired 
immunity and other cellular activities. 
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1. Roles of Macrophages in Immune System 
Macrophages protect host tissues from invasion of micro-
organisms by phagocytosis, and are therefore called the 
"professional phagocytes". It was illustrated that macrophages 
also act as one of the major antigen presenting cell types. 
Macrophages not only take up the foreign materials (including 
micro-organisms) but also process and present the fragments of 
the foreign material in concert with appropriate major 
histocompatibility complex antigens (MHC) to antigen-specific 
lymphocytes (T and B lymphocytes). Antigens in the form of 
large particles or micro-organisms are internalized by 
macrophage and are degraded by proteolytic enzymes in the 
phagolysosomes. Some of the materials are partly degraded and 
are re-expressed at the cell surfaces and are subsequently 
recognized by antigen-specific lymphocytes. This antigen-
processing and presentation under the control wi th . MHC is 
important in the acquired immunity. Only the antigen-specific 
T and B cells which recognize the specific antigen are 
activated to become effective T cells and antibody producing 
B cells. 
During inflammation, macrophages/monocytes (and other 
leucocytes, particularly neutrophil polymorphs) migrate out of 
3 
the capillaries into the surrounding tissues. ,Once they have 
arrived at the site of inflammation, the macrophages engulf, 
-- .. ..... ~ 
take up and destroy the trapped micro-organisms. At the site 
of inflammation, macrophages show cooperate with lymphocytes 
through cell-cell interaction or soluble mediators such as 
tumour necrosis factor a (TNF-a), interleukin 1 (IL-l) and 
interleukin 6 (IL-6). When foreign antigenic materials cannot 
be easily degraded, T cells always accumulate and release 
various kinds of lymphokines. These lead to an aggregation and 
proliferation of macrophages. The characteristic appearance of 
this particular infective site is a nodular mass called 
granuloma which consists of multinucleate giant cells, 
epitheliod cells and activated macrophages. 
The presence of macrophages in healing wounds has also 
been recognized for a long time. When monocytes enter the 
wound from the blood stream, they develop into macrophages and 
then ingest and digest dead cells and altered collagen. This 
process is important in the repair and reorganization of 
tissues especially in the placental site at the end of 
pregnancy, in the mammary gland at the end of lactation or in 
areas of ischemic necrosis. 
Macrophages also play at least some part in the immune 
response against neoplasms. It is well known that in the lymph 
nodes draining from the patients with cancers, numerous large 
4 
macrophages appear in the sinusoids. This phenomenon is known 
as sinus hyperplasia or sinus histocytosis. Accumulating 
evidence shows that the hyperplastic sinus macrophages can 
ingest some, if not all, neoplastic cells. The tumoricidal 
effect can be achieved mainly by two processes and they are 
not necessarily mutually exclusive. First, macrophages can 
wrap processes around the neoplastic cells and then rapidly 
ingest and digest them after binding to the tumor cells via a 
receptor for an unknown feature of turnor membranes or via Fc-
receptors wi th antibodies against the turnor cell surface 
antigen. The turnoricidal function of macrophages can also be 
carried out by soluble rnonokines such as turnor necrosis 
factor-a (TNF-a). 
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2. Special features of macrophages 
Phagocytosis 
After arriving at a site of inflammation, macrophages can 
take up and digest micro-organisms by phagqcytosis. 
Phagocytosis can be artificially divided into attachment and 
digestion. Macrophages recognize these infective agents via 
the receptors on their surface which allow them to attach non-
specifically to a variety of micro-organisms. The attachment 
is greatly enhanced if the micro-organisms have been opsonized 
by opsonin. At the site of infection, complement (C') is 
activated and one of the components of C', C3b, deposits on 
the infectious agent. This action allows the macrophages to 
recognize the target since macrophages have receptors which 
bind specifically to C3b. Macrophages also have receptors for 
the Fe portion of IgG molecules. These enhance the strength of 
interaction between the cells and the antibody-coated or 
antibody-opsonized particle that is being engulfed. In this 
case, antibody acts as another opsonin. 
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A"ttachment can also occur through the lectin-carbohydrate 
on cell surfaces (Horwitz et al., 1982) in the absence of 
serum antibodies and complement. Such "non-immunological" 
phagocytosis had once been classified non-specific but have 
now been recognized as specific to a certain extent. 
Chemotaxis 
Chemotaxis is the process by which phagocytes are 
attracted to sites of inflammation. Tissue damage and 
complement activation by the infectious agent cause the 
release of chemotactic substances (eg. C5a, a fragment of one 
of the complement components, which is one of the most 
important chemotactic peptides). These substances diffuse to 
the adjoining capillaries, causing passing phagocytes to 
adhere to the endothelium (pavementing). The phagocytes insert 
pseudopodia between the endothelial cells and dissolve the 
basement membrane (diapedisis). They then pass out of the 
blood vessel and move up along the concentration gradient of 
the chemotactic substances toward the site of inflammation. 
7 
Cell surface adhesion 
When monocytes enter the inflammatory si tes, they have to 
first adhere to endothelial cells near the sites. Macrophages 
can also bind to the matrix such as fibronectin in various 
tissues and as mentioned earlier the phagocytosis mediated by 
macrophages requires the adhesion of particles to the 
phagocytes, and therefore, the adhesive ability of macrophages 
and other functions through cell-cell interaction. 
Cell-cell and cell-substratum adhesion have been found to 
be the result of binding of cell-surface receptors. There is 
a large number of cell surface receptors which have been 
identified with cell adhesive function. By these adhesion 
molecules, monocytes can adhere to endothelial cells lining 
the capiliaries (since endothelial cells possess specific 
receptors for these molecules) and enter the surrounding 
tissue where they differentiate into macrophages. It has also 
been discovered in phagocytes that these molecules involve in 
the substratum adhesion such as fibronectin and even in the 
adhesion on the plastic and glass surface (Anderson et al., 
1986). 
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3. Transmembrane signalling in mammalian cells 
It is an inescapable fact that all cells must engage in 
some form of communication which provides the cell with the 
facility to detect and respond to environmental stimuli. When 
cells become organized together into functional groups it is 
even more evident that individual cells need to be able to 
sense both the general status of the whole organism in 
relation to its environment as well as the particular 
functional status of other cells. Some of the mechanisms that 
cells use to influence one another rely on actual physical 
contact, for example, the formation of gap junction. However, 
this type of direct-contact communication suffers from the 
disadvantages of limitation of local response and slow rate of 
information flow between cells. Therefore, organisms have also 
developed other methods of intercellular signalling which are 
rapidly propagated and can reach widely distributed tissues. 
These involve both the nervous and endocrine systems. These 
kinds of systems use specific molecules (neurotransmitters, 
hormones and other factors) as the information carrier, which 
leave the secreting cells and travel to responding cells a 
distance away. The information carrying molecules recognized 
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by the target cells and transduce the extracellular signal 
into intracellular responses. 
Transmembrane signals are required by most of the cell 
types in an organism to trigger a variety of cell functions 
such as control of cell proliferation, cell differentiation, 
protein secretion, and cell motilities. Understanding of 
mechanisms of transmembrane signal transduction is ~herefore 
important for the studies of most of the fields in life 
science including biochemistry, cell biology, molecular 
biology, physiology, pharmacology and biophysics. 
General system of transmembrane signalling 
Since many hormones and other chemical messengers act on 
cell-surface receptors, it is necessary for cells to interpret 
the presence of the agonist by generating another cytosolic 
messenger to propagate the signal through the intracellular 
environment. Thus, cell signalling involves the use of a 
hierarchical system. (Fig.I). The hormone or neurotransmitter 
that carries information between cells can be viewed as the 




















cell's' ·'response. Hence, those agents in the cytosol for the 
transmission of signals are often viewed as the "second 
messenger". It is this molecules which sets in motion the 
intracellular responses to that first messenger. 
The hierarchical system has the advantages of 
amplification and modification of the external signal by 
generation of a number of second messengers. Second messengers 
can be generated by at least two common ways. After binding 
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with agonist, cell-surface receptor transmit the signal to 
some "effector" facili ties which are responsible for the 
generation of second messengers. Effectors can be some enzymes 
which produce second messengers after activation (eg. 
adenylate cyclase; phospholipase C). Effectors can also be the 
ion channel on the plasma membrane (eg. nicotinic 
acetylcholine receptors), and the signal transmit from the 
receptor may alter its structure and allows the flux of ions 
(Fig.II). In this case, the ions become the second messengers 
for the further signal propagation. 
Generation of second messengers is only the first step of 
the whole process. Second messenger carrying the signal may 
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Fig. J I Amplification by an ion-channel linked receptor 
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The cell signal transmi tted from the hormone is seldom a 
simple, single pathway. Instead, the receptor may generate 
more than one second messenger or activate several signal 
pathways. Diversity can also be obtained at the second 
messenger level where one particular second messenger may 
trigger the formation of third messengers. Hence, a single 
cell function induced by a hormone may require the involvement 
of a number 
addition, various 
of intracellular signal pathways. In 
signal pathways are "cross-talked", which 
means that they are under control of others. It is this 
complex network of signal pathways which allows the adaptation 
of cells in the changing environment. 
Various common signal transduction pathways 
(i) Phopholipase C catalyzes polyphosphoinositides hydrolysis 
Animal cells contain a variety of phospholipid species in 
their membranes, including a class of molecules which have 
myo-inositol or derivatives as the polar head group. These 
lipids comprise only approximately 5-10% of the total 
phospholipid pool but represent a metabolically-active set of 
14 
molecu~es (Sekar et a1,1986). Three distinct species of 
phospholipids which contain myo-inositol have been discovered. 
The most abundant of these is 1-(3-sn-phosphatidyl)-D-myo-
inositol or phosphatidylinositol(PI). This molecule has the 
usual glycerophospholipid structure with two long-chain fatty 
acids attached to positions 1 and 2 of the glycerol backbone 
but has myo-inositol linked via a phosphate group to carbon 
atom 3 of glycerol PI can be sequentially phosphoryl~ted by 
sepcific kinase enzymes leading to the production of 
phosphatidyl inositol-4-phosphate (PIP) and 
phosphatidylinositol-4-5-bisphosphate (PIP2 ) respectively, by 
addi tion of phosphate groups to hydroxyl residues in the 
inositol ring (Fig.lll). PIP and PIP2 have become known as 
polyphosphoinositides (PPI) to denote the presence of extra 
phosphate groups in their structures. 
It has been known for a long time that stimulation of 
cells with particular hormones leads to the breakdown of PI, 
and it became apparent that PPI turnover can also occur as a 
resul t of receptor-binding events in both neural and non-
neural tissues (Berridges et a1,1982). It was proposed that 
the central event which is controlled by receptor activation 
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Fig. III The structures of phosphatidylinositol (PI), phosphatidylinositol-4-
phosphate (PIP), phosphatidylinositol-4, 5-bisphosphate (pIP J 
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cleaves the lipid to yield an appropriate inositol phosphate 
and diacylglycerol. This reaction has now been characterized 
in a wide range of tissues and a host of different receptors 
are able to stimulate it. 
A phosphoinosi tide-specific phospholipase C (PLC) was 
found to be the phosphodiesterase enzyme responsible for 
catalyzing PPI hydrolysis. Though its activity can easily be 
measured in soluble extracts of cells, PLC is believed to be 
membrane-bound and couples to cell-surface receptors. The 
enzyme catalyzes the hydrolysis of plasma membrane PIP2 into 
inositol-(1,4,5)-trisphosphate (IP3 ) and diacylglycerol (DG) 
(Berridge et a1, 1984) (Fig.IV). The IP3 and DG so formed can 
act as second messengers, where IP3 triggers the release of 
intracellular Ca2+ and DG activates another membrane-bound 
enzyme protein kinase C (Williamson et a1, 1985). Up to now, 
numerous receptors were found to couple to PLC and use this 
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(ii) Intracellular Ca2+ 
It has been evident for more than a century that Ca2+ ions 
are a vitally important componen~s of the medium which bathes 
cells. In 1883, Ringer demonstrated that Ca2+ was necessary for 
contraction of heart muscle and, in the intervening years, it 
has become clear that this metal ion occupies a unique 
position among the plethora of ions and compounds upon which 
cells depend. Ca2+ is necessary for maintenance of cell 
structure (by stabilization of membranes and regulation of the 
cytoskeleton), control of ion permeability (especially Na+ and 
K+) and regulation of mobility and contraction, and the 
control of the state of cell activation. 
The cytosolic concentration of Ca2+ is regulated very 
precisely, and it is this capaci ty which allows Ca2+ to 
function effectively as a second messenger. The total amount 
of Ca2+ in the cell is high but most of this is bound to 
membranes and cytosolic proteins or Ca2+ may be stored in 
special storage facilities such that the concentration of free 
Ca2+ is much lower and is usually in the range 0.1 - 1 llM under 
resting condi tions. This means that there is a very large 
gradient favouring Ca2+ influx into the cell since the free Ca2+ 
19 
concentrations of the extracellular fluids is about 1 mM ln 
most vertebrates. If a mechanism exists to regulate the rate 
of Ca2+ entry through the plasma membrane, the cell can readily 
employ this pathway as the means to transduce an intracellular 
signal. In practice, cells have developed a number of 
variations on this theme and examples of Ca2+ channels which 
are directly controlled by hormones and channels which respond 
to agonist-induced changes in the membrane potential. 
Intracellular stores of Ca2+ make another source of 
gradient which allow the elevation of cytosolic Ca2+ to become 
intracellular signals. It has been widely accepted that the 
product of the enzyme phospholipase C, inositol-{1,4,5}-
trisphosphate (IP3) can trigger the release of Ca2+ to cytosol 
from the endoplasmic reticulum on a novel organelle called 
"calciosome" (Krause et ai, 1989). IP3 may directly regulate 
a Ca2+ -channel via its receptor on the membrane of 
intracellular store. The Km for IP3-induced Ca2+ releas~ was 
about 1pM and the binding of IP3 to the specific receptor may 
open the Ca2+ channel and allow the efflux of Ca2+ from the pool 
{Guillemetteet ai, 1988}. 
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(iii) Protein kinase C activation 
Protein kinase C has been identified in many types of 
animal cells and is particularly abundant in brain. 
Originally, the enzyme was assumed to be a single biochemical 
entity which is of widespread distribution. However, as 
purification and gene-cloning studies were performed it 
emerged that at least four distinct types of PKC exist which 
show differential tissue distribution (Kikkawa et a1, 1987). 
Whether different types of PKC have specific functions in the 
cell is not known, but it has been found that all four 
subtypes are simul taneously expressed in adul t rat brain, 
though to varying extents. PKC activity is Ca2+ dependent and 
it also requires the PIP2 cleavage product, diacylglycerol 
(DG). Although PKC requires Ca2+ for activity (Kerr et a1, 
1987), its sensitivity to Ca2+ is controlled by diacylglycerol, 
and it is this factor which probably contributes most to the 
overall extent of enzyme activation. Besides, PKC can be 
activated by a group of compounds called phorbol esters which 
act as tumor promotor. The phorbol esters show specific 
binding to PKC and the activation of PKC resemble to that of 
DG. Hence, these compounds can be used as pharmacolog ical 
agents to activate PKC in transmembrane signal studies. 
21 
Like several other classes of protein kinases, PKC has a 
comparatively wide range of potential protein substrates. The 
major protein targets of the enzyme were found to be a 40K 
molecular weight protein in platelets, receptor for EGF, the 
a-subunit of the guanine-nucleotide binding protein Gi , and 
ribosomal protein S6. It is likely that each individual cell 
type will have a unique set of substrates for the enzyme, and 
that the availability of particular proteins in the vicinity 
of the active enzyme will determine precisely which proteins 
become phosphorylated in any given cell. 
Since hydrolysis of PIP2 gives IP3 and DG which activate 
the release of intracellular Ca2+ and PKC respectively. Rises 
in Ca2+ and activation of PKC frequently occur at the same time 
in response to the same stimulus. In fact, it has been 
established that the full expression of a cellular response 
often depends on the concerted activation of both "limbs" of 
this pathways. Hence, while a rise in ei ther Ca2+ or DG may be 
sufficient stimulus to elicit responses such as hormone 
secretion from endocrine cells, contractions in smooth muscle 
or neurotransmi tter release; a rise in both Ca2+ and DG 
produces a much greater response than the sum of the 
individual components, i.e. the two signals synergize. 
/ 
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Sihce PKC has been identified as the target for phorbo l 
ester tumor promoters, it follows that the enzyme is also 
likely to play a role in long-term growth regulation as well 
as in acute responses to hormones. These growth-regulating 
effects may also depend on the Ca2+ mobilization pathway. In 
addition to its role as a positive modulator of cell 
activation, PKC also acts to limit the cellular responses to 
certain stimuli. For example, in the case of epidermal growth 
factor (EGF) receptor, PKC induces phosphorylation of a 
particular N-terminal threonine residue causing a reduction in 
the activity of the intrinsic receptor tyrosine kinases 
activity and lowered binding affinity for EGF (Friedman et a1, 
1984). PKC-mediated phosphorylation also down-regulates the al 
receptor system in hepatocytes (Leeb et a1, 1985). PKC also 
induces phosphorylation of several G. protein (inhibitory G 
1 
protein which regulate adenylate cyclase) and down regulate 
the receptor link to this Gi proteins (Katada et a1, 1985). 
(iv) cAMP production 
The importance of cAMP as a second messenger involved in 
the mediation of hormonal responses has been recognized for 
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more than 30 years. The discovery of cAMP was followed by the 
demonstration that most eukaryotic cells possess a plasma 
membrane-associated enzyme, adenylate cyclase, which can 
produce cAMP from ATP and that the activity of this enzyme can 
be regulated by various hormones. These observations formed 
the basis of the second messenger hypothesis, which suggests 
that hormone interacts with specific receptor sites at the 
surface of the cell, and that this mediates an increase in 
adenylate cyclase activity thereby increasing the rate of 
synthesis of cAMP. By this mechanism an extracellular hormone 
signal could be transduced across the plasma membrane to 
produce an intracellar response. Agonist binding to adenylate 
cyclase linked cell-surface receptor leads to transformational 
change of the receptor and this signal is transduced via a 
specific GTP binding protein on plasma membrane to activate 
the adenylate cyclase. Two such GTP binding protein 
"transducers" have been implicated in the regulation of 
adenylate cyclase activity: one controls hormonal activation 
of the enzyme (Gs ) while the second (G i ) mediate the effects 
of hormones and drugs which inhibit adenylate cyclase 
activity. Activation of adenylate cyclase by hormones such as 




the inhibitory hormones such as opoid peptides, adrenaline 
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(acting ··at u2-adrenergic receptors) and somatostatin pass the 
signal to inhibi tory G-protein (G.) which inactivates as 1 
adenylate cyclase activity and lower the cAMP level (Fig.V) 
(Houslay et 81, 1983). 
In order to exert its effects in the cell, cAMP must 
interact with and activates an effector system which will 
convert the hormone signal into a cellular response. A protein 
was identified as the cAMP receptor with high binding affinity 
and sufficient specificity suggesting that it could function 
as an intracellular receptor under physiological conditions. 
The protein was later identified as an enzyme which act as a 
protein kinase whose activity was stimulated by cAMP, and all 
actions of cAMP occur at the intervention of this enzyme -
cAMP-dependent protein kinase (PKA) (Ekanger et 8.1, 1985). 
Evidence shows that transcription of specific genes requires 
the activation of PKA {eg. prolactin in pituitary cells and 
tyrosine aminotransferase in liver}. The mechanisms by which 
this occurs have not been established and could be related to 
changes in the phosphorylation state of particular chromatin 
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Fig. V Symmetry in the adenylate cyclase system 
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(v) Change in membrane potential 
Traditionally cell types such as muscles and nerves which 
use electrical pulses for signal transport are called 
exci table cells. Other cell types then were thought to be 
electrically inexcitable. However, these "unexcitable" cell 
types have been found to possess a variety of ion channels in 
recent years, and it has been believed that the electric 
potential across plasma membrane can also be employed for 
transmembrane signalling. 
The membrane potential of a cell is determined by the 
ions inside and outside the cell and the permeability of the 
membrane to those ions. Changes in membrane potentials may 
therefore occur in changing the composition of ions across the 
plasma membrane or allow flux of ions across the plasma 
"-
membrane. Similar to "excitable cells", Na+ and K+ are the 
major ions constituting the membrane potential of all cell 
types. A large concentration of both Na+ and K+ gradient is 
regulated across the plasma membrane but they are in reverse 
direction of gradient. 
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Concentration of K+ is much higher inside the cells and 
the reverse situation is found in Na+ concentration. 
In resting state (resting membrane potential), 
permeability of plasma membrane is much greater than Nat , and 
cells have a negative membrane potential across the plasma 
membrane (more negative inside the cell). During activation, 
if the Na+ permeability is increased, the Na+ ions will flow 
into cell and the membrane potential become less negative and 
this is called "depolarization of membrane potential". In some 
si tuations, K+ permeabili ty increase, the K+ flows out of cells 
and the membrane potential become more negative, a condition 
known as "hyperpolarization of membrane potential". 
Various ion channels of Na+ and K+ are found on plasma 
membrane which selectively allow flow of lons across the 
membrane. Opening of these ion channels are under different 
cell activation by hormones, mitogens directly or indirectly. 
Therefore different stimulations on cells can activate opening 
of specific ion channels and induce a specific membrane 
potentials. By this, change in membrane potentials can act as 
pathways of intracellular signal transduction. 
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Some common ion channels have been found in a variety of 
cell types including lymphocytes, phagocytes and hepatocytes. 
Voltage-activated K+ channel is sensitive to membrane 
potential and will open at depolarized state (more positive 
membrane potential) and increase the K+ permeabili ty. Ca2+-
activated K+ channel .also increases the K+ permeability and 
leads to hyperpolarization, but it is sensitive to 
intracellular Ca2+ level and will open only at high [ca2+]i 
level. There are some ion channels which is directly linked to 
or directly regulated by cell-surface receptors and will open 
during ligand binding. Other ion channels are regulated 
directly by G-protein. 
Change in membrane potentials is one of the signal 
'\. 
pathways which regulate cell functions. Various cell functions 
have been found to be regulated by membrane potentials. In 
lymphocytes, K+ permeabili ty are important ln cell volume 
regulation (Lee et al. , 1988). The contractile machinery of 
the macrophage may be influenced by changes in [K+]i' since it 
contains an actin-modulating protein, acumentin, whose 
activi ty is modified by changes in (Southwick et al. 
,1982). Membrane depolarizaion in phagocytes can lead to 
alterations of intracellular pH (NasmlOth et 1 1986) a ., and 
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changes 1n the number of surface receptors (Robert et al., 
1984). Depolarization was also found to prevent the induction 
of phospholipase activity that normally occurs after ingestion 
of zymosan in murine peritoneal macrophage (Aderem et 
a1.,1984). 
(vi) Intracellular pH 
The activity of many intracellular enzymes is exquisitely 
sensitive to pH. Cells must therefore tightly regulate 
intracellular pH (pHi) to achieve optimal enzyme function. 
Mechanisms of pH. regulation must counteract the continuous 
1 
production of metabolic acid and the influence of variations 
in extracellular pH (pHo) to keep the cytosol pH wi thin a 
narrow range. On the other hand, cells are also facilitated to 
alter the pHi under activation by specific stimuli such as 
growth factors or hormones. An increase or a decrease in the 
pHi may then be involved in the signal pathways regulating the 
cell functions which are stimulated by various agonists. 
Four main mechanisms have been found to be involved in 
pHi regulation: (1) The Na+ /H+ antiport, which exchanges 
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extracellular Na+ for intracellular H+ (Roos et al. ,1981); (2) 
Na+-dependent HC03- /Cl- exchange, which exchange extracellular 
HC03- for intracellular Cl (3) Na+-independent HC03-/Cl-
exchange, which is thought to increase intracellular 
+ alkalinization (Boron et al., 1983); and (4) ATP-dependent H-
pump, which extrude H+ from cytosol to extracellular 
environment by the driving force generated by an ATPase 
(Swallow et a1.,1990). By these four mechanisms and / or other 
undiscovered mechanisms, cells can maintain a stable pHi and 
the changes of pH. 
1 
can be used to trigger various cell 
functions, for example cell proliferation, cell volume 
regulation and intracellular Ca2+ mobilization (Cassel et a1, 
1983 and Kramhoft et a1, 1988). 
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4. Transmembrane signalling in macrophages 
Various kinds of plasma membrane receptors on macrophages 
have been discovered in the last two decades. These receptors 
control macrophage activities such as growth, differentiation, 
migration, recognition, endocytosis and secretion. Ligand 
binding to these receptors triggers the specific signal across 
the plasma membrane, which activates the different signal 
transduction pathways, and induces the corresponding cell 
function. The mechanisms of signal transductions In the 
control of macrophage activities have been under wide 
investigations. It was found that some of the receptors In 
macrophage cell surface are restricted to macrophages and 
closely related cells (such as phagocytes, neutrophil), while 
some others are common to many cell types. And it is not 
surprising that macrophages may have their unique mechanisms 
for the specific function but they may share the same 
mechanisms, that is, signal pathways with other cell types in 
the induction of general function for example mitogenesis. It 
is worth noting that the result from other cell type may lead 
to the insight of investigation the same cell function in 
macrophages. 
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Signal transduction in mitogenesis 
Cells which are not differentiated into non-proliferative 
dead-end can be activated by hormones or growth factors to 
synthesize DNA and divide into two Hormones or growth 
factors act on the specific cell-surface receptor and induce 
cell proliferation by flow of the signal from cell surface, 
cytosol to nucleus. It is generally agreed that three common 
cell responses occur early after growth factor binding. After 
the binding of growth factor, the intracellular Ca2+ 
concentration increases transiently, phospholipase C activity 
becomes activated and the internal pH is also increased. It 
was also reported that the cAMP level was elevated during 
growth factor activation (Geiger et al., 1987). The ion fluxes 
of Na+ and K+ across the plasma membrane were also found to be 
increased (Rozengurt et al., 1986). When several growth 
factors such as epidermal growth factor (EGF), whose receptor 
is actually an intracellular protein tyrosine kinase, is bound 
to corresponding receptors, the protein tyrosine kinase is 
activated at the same time. Some of the early ion fluxes in K+ 
may be due to the activation of voltage-activated K+ channel 
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and Ca2+ ~-acti va ted K+ channel during mi togenes i s (Decoursey et 
a1.,1987 and Tsien et al., 1982). Protein kinase C (PKC) 
activation may be the result of increase of activity of PLC 
which provide diacylglycerol (DG) for the PKC acti vat ion 
(Rozengurt et a1.,1984). The increase in [pH]i was found to be 
the result ' of the activation of a Na+/H+ exchanger, and the 
activation of the exchanger is caused by the phosphorylation 
action of PKC (Schlessinger et al., 1988). It has been 
reported that the increase in cAMP level can redistribute the 
intermediate filament, and since the intermediate filament was 
believed to transduce negative signal from cytosol to nucleus 
and inhibit the entry of cell cycle, redistribution of 
filament by cAMP removes this negative signal and encourages 
the cell cycle. 
Several proto-oncogenes are thought to be important ln 
regulation of cell proliferation, and their gene products have 
been identified. Some of them are transcriptional factors 
while others are functional enzymes. Raf-oncogene is one of 
those genes and it was identified as the gene coding for a 
serine/threonine specific kinase which is involved in 
proliferation and differentiation (Rapp et a1.,1988). The 
expression of proliferation related genes can be viewed to 
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take place in two stages. First, the second messenger acts 
with pre-existing transcriptional factors and regulates the 
expression of the genes called the primary response gene. The 
gene products of early response genes are able to induce the 
expression of the secondary response genes, and therefore 
trigger the cell proliferation (Herschman et a1.,1989). 
Signal transduction in phagocytosis 
Phagocytosis occurs in two steps. The phagocyte must 
first recognize and bind to the target particles; this is the 
process called attachment. Phagocyte can then ingest the bound 
particle into the cells, this is the process called 
engulfment. Attachment is simply the binding of ligands to 
receptors, while engulfment requires and utilizes metabolic 
energy (Mohoney et al. ,1977). However, it is believed that 
attachment is the rate limi ting step of the whole process 
(Michl et al., 1983) and ligand binding transmits the signal 
into cell and trigger the engulfment. 
Phagocytes can be activated through the interaction of 
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several ligands including receptor for Fc fragment of IgO 
(FcR), receptor for complement component C3 (CR) and lectin-
oligosaccharides. Stimuli away from these ligand binding may 
also activate phagocytosis through the intracellular signals. 
Binding of FcR can induce the engulfment while the binding of 
CR alone cannot trigger the engulfment unless activation PKC 
occurs (Wright et al. , 1982). 
Several responses have been discovered after the 
attachment has occurred. FcR is believed to be plasma membrane 
spanning ligand-dependent ion channel specific for ion 
channel, FcR binding may lead to ion flux across plasma 
membrane and lead to transient depolarization (Young et al. 
1983).It has been speculated that membrane depolarization can 
increase the surface receptors in phagocytes and may help in 
the process of engulfment (Roberts et al. ,1984). PKC activity 
and [Ca2+] i level were also found to be increased during 
phagocytosis and they may be involved in the intracellular 
signal which activate the function of cytoskeleton. 
Cytoskeleton in phagocytes has been found to be important 
in the process of phagocytosis. PKC can enhance microtubule 
assembly and may then control the phagocytosis through CR 
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(Newman et 81.,1991). The activated cytoskeletion system 
regulate, the mobilization of surface receptors for 
phagocytosis. For example, CR is inactive when it was 
immobilized while the receptor becomes active when it can be 
freely diffused on the cell surface (Michl et al., 1983). 
Cytoskeleton may also help to replenish the plasma membrnae by 
transporting stored membrane to cell surface after ingestion 
of particles along wi th patches of plasma membranes (Phaine et 
a1 ., 1980). 
Signal transduction in cell adhesion 
As mentioned earlier, cell adhesion on matrix, plastic or 
glass surfaces and endothelial cells by macrophages required 
the presence of the adhesion molecules. There is a large 
number of cell surface receptors which have been identified to 
have cell adhesive function. According to their functions and 
structures, the adhesive molecules have been grouped into 
several families (for review, see Steven, 1990). One of these 
families is called integrins (Table I). Integrins share the 
structures of heterodimer with a and B subunits. The B subunit 
is more conserved while the a subunits are diversified. The a 
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and 13 subuni ts associate non-covalently on cell surface of 
many cell types. The adhesion molecules LFA-1, Mac-1 and 
p150,95 belong to the integrins and are the major molecules in 
leukocytes especially in macrophages. Therefore, the 
macrophage adhesion is basically the mechanisms of the control 
to these molecules. 
cAMP and protein kinase C activation have been found to 
be improtant in the regulation of cell adhesion. Elevation of 
cAMP level by analog Br-cAMP and prostaglandin E2 was found to 
increase in adhesion of macrophage on petri dish. PKC 
activation also enhanced the cell adhesion and the two effects 
were additive (Issaad et al., 1989). The activation of PKC may 
function to increase the association between the adhesion 
molecules to microfilament network which was thought to be 
important in the enhancement of cell adhesion (Hember et al., 
1988). On the other hand, [ca2+]i is not a primary factor but 
may still have some regulatory effect (Issaad et al., 1989). 
It was speculated that the mechanism of cell adhesion 
enhancement was due to the increase of the adhesion molecules 
on cell surface. The increase of molecules is not the results 
of de novo protein synthesis but the release of molecules from 
internal storage (Miller et al., 1987). 
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5. Choice of the macrophages for the study 
Peritoneal and alveolar macrophages 
Macrophages prepared for experimental purpose are usually 
obtained from tissues such as peritoneal cavity, alveoli in 
lungs. Macrophages in these tissues are called the tt free 
macrophages", where they can wander along in their residential 
tissues. The free cells in peritoneal cavity are conveniently 
obtained by washing out the cavi ty wi th saline. The cells 
present include macrophage, 







neutrophil. In mice, about 60% of macrophages from the 
peritoneal cavity can be obtained after the selection by their 
strong adhesiveness to glass or plastic than other cell types. 
Alveolar macrophages obtained by washout of mouse or rabbit 
lungs are usually mixed with numerous epithelial cell lining 
the alveolar wall. 
Peritoneal and alveolar macrophages are usually us~d for 
experimental studies since the cells can be easily prepared by 
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washing--. the tissues wi th simple buffers or saline. Large 
number of macrophages can be obtained and the cost of cell 
preparation is low (the cost of animal feeding and common 
chemical used). These macrophages are also suitable for the 
immediate use as the time for preparation is short. However, 
the macrophages are impure and are contaminated wi th many 
other cell types. The macrophages obtained by these 
preparation are usually not confluent and less proliferative 
which then limit their use in experiments. 
Bone marrow derived macrophages 
Since the bone marrow stem cells act as the precursor of 
most immunologically active cell types, including macrophages, 
macrophages can be derived from these cells. The 
differentiation of stem cells to macrophages is controlled by 
several cytokines such as interleukin-3 
colony stimulating factor (M-CSF) , 
(1L-3), macrophage-
G-CSF, GM_CSF. The 
cytokines from the recombinant technology or from various cell 
lines can be employed as source of cytokines for the culture 
of bone-marrow derived macrophages (BMDM0). For example, using 
the cuI ture medium of fibroblast cell line L929, the stem 
cells from mouse femoral bone marrow are able to differentiate 
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into macrophages in a week (Das et a1, 1982). 
The bone marrow-derived macrophages are proliferative 
cells, they are usually confluent since they derive together 
at the same time. The cell preparation is not expensive and 
depends on the availabil ty of animals and cytokines. One 
disadvantage of using bone marrow-derived macrophages is that 
the cell preparation requires a long time (one week) and is 
not amenable to immediate usage. The cell preparation is also 
impure since there are other cell types present in the bone 
marrow which may also culture in the culture flasks. 
Macrophage tumor cell line PU5-1.8 
Tumour cells line provide the convenience of cell 
preparation for scientific research. There have been some 
macrophage lineage cell lines isolated. PU5-l.8 cells are one 
of these macrophage turnor cell lines and they have been under 
intensive investigation (S.K.Kong, 1989). 
PU5-l.8 cells proliferate infinitely. When cultured in 
10% (w/v) fetal calf serum (FCS) enriched RPMI 1640 cultured 
42 
medium at 37°C, 5% CO2, they showed a typical growth curve 
with lag, log, stationary and death phase, and a generation 
time of 24 hrs/generation was estimated. The cells also 
derived colonies and can even form tumor when injected in 
Balb/c mice. These are the tumor characteristics of the PU5-
1.8 cells. On the other hand, PU5-1.8 cells still retain the 
cell properties of macrophages, and are therfore used as a 
cell model of macrophages investigation. These cells are 
partially surface adherent especially at resting stage. They 
have the morphology of normal adhered macrophges which have 
amoeboid cell shape and protuberances. PU5-l.8 cells also 
pocesses Fc receptors on cell surfaces and perform 
phagocytosis e.g. engulfment of yeast. 
Because of the properties of tumor cell line, PU5-1.8 
cells can proliferate continuously and constitute an infinite 
cell supply. Large numbers of cells are easily available, and 
the cells can be easily made confluent by resting the cells in 
plain medium {without growth factors}. However, PU5-1.S cells 
have the disadvantage of lacking certain cell properties in 




Materials and Methods 
MATERIALS AND METHODS 
MATERIALS 
1. Animals 
Female Balb/c mice, 20-25g, were bred in the University 
Animal House, the Chinese University of Hong Kong, 
2. Chemicals 
All chemicals listed below were of analytical grade 
unless otherwise stated, 
Chemicals 
BSA (Albumin, Bovine, Fraction V) 
Calcium chloride (CaClZ,2H20) 








ethanesulfonic acid (HEPES) 
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Suppliers 
S igma ( U , S . A. ) 
Merck (Germany) 
Si gma (U, S , A, ) 
S igma (U, S . A. ) 
Merck (Germany) 
M & B (England) 
Gibco(Scotland) 
Si gma (U, S . A, ) 
Merck (Germany) 
Si grna (U, S , A, ) 
Chemicals Suppliers 
Lipopolysaccharide (LPS) from 
Escherichia Coli 0127:B8 Sigma (U.S.A.) 
Magnesium sulfate (MgSO •. 7H20) Merck (Germany) 
2,2'-P-Phenylene-bis(5-phenyloxazole) (POPOP) Sigma (U.S.A.) 
Potassium chloride (KCl) Riedel-deHaen 
Potassium dihydrogen phosphate (KH2PO.) 
RPM! 1640 medium 
Sodium chloride (NaCl) 
Sodium bicarbonate (NaHC03) 













Sigma (U. S . A. ) 
Ajax(Australia) 
Rohm & Haas 
Si gma (U. S . A. ) 
Si gma (U. S . A. ) 
Na+-HEPES buffer was prepared by dissolving 24.54g NaCl, 
1.12g KCl, 7.l4g HEPES, 2.70g Glucose, 0.37g MgSO., and a.88g 
CaCl2 in 3 litres distilled water. The pH was adjusted to 7.2 
before used. 
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High K+-HEPES buffer was prepared by the similar method 
described in Na+ -HEPES buffer except the reversal use of 
concentrations of Na+ and K+. 
Phosphate Buffered Saline (PBS) 
PBS was prepared by dissolving 8. OOg NaCl, O. 20g KCl, 
0.20 KH2P04 and 1.15g Na2HP04 in one litre distilled water. The 
pH was adjusted to 7.4 before used. 
Scintillation Fluid 
Tri ton X-toluene scintillant was prepared by mixing 12. Og 
PPO, 1.2g POPOP, 2.0 litre toluene and 1.0 litre triton X-lOO. 
The suspension was stirred overnight until all the PPO and 
POPOP was dissolved. 
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METHODS 
1. Cell Culture 
PU5-1.8 cells are a murine macrophage-like tumour cell 
line derived from Balb/c mice. Cells were cultured in RPM! 
1640 cell culture medium containing 10% (v/v) fetal calf serum 
(FCS) as growth factor supplement at 37°C in a 5% CO2 
incubator. Cells were usually passed two to three times 
weekly. Cells were harvested by swirling the flask with 
sterilized PBS and both suspended and adhered cells were used 
for ei ther experimental purpose or cell innoculation. To 
arrest the cells at resting stage, serum-supplemented RPM! 
medium was replaced with plain RPM! medium for 24 hr. The non-
removable adhered cells in the culture flask were lysed by 
sterilized double distilled water. 
Bone marrow derived macrophage was obtained by culturing 
Balb/c mice bone marrow stem cells in 10% FCS supplemented 
RPM! 1640 medium with 20% (v/v) L929 cell conditioned at 37°C, 
5% CO2 medium for 7 days. Femoral bone marrow stem cells from 
6-week Balb/c mice were first flushed with sterilized PBS from 
the bone shafts of the bones into plain RPM! medium. After 
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selective lysis of red blood cells with Tris-Ammon i um 
Chloride.The bone marrow stem cells were then suspended in the 
suitable medium at 37°C, 5% CO2 , 
2. lH-thymidine Incorporation 
The doubling time of PU5-1.8 cells under culture 
condi tion is about 24 hours. For the determination of DNA 
synthesis, PU5-1.8 cells (. lxl05/well) were seeded in a 96-
well plate and incubated in RPMl medium wi th or wi thout 
agonists for 24 hr at 37°C in an incubator chamber maintained 
wi th 5% CO2 , Cells were then pulsed wi th 0 • 5 uCi of 3H-
thymidine for 6 hr at 37°C, 5% CO2 ' The cells were finally 
lysed with 5% SDS, 5% Triton X-lOO, and the radioactivity of 
3H-thymidine incorporation in DNA was determined by cell 
harvester and scintillation counter. 
3. Cytosolic free calcuim determination 
The intracellular free calcium concentration in PU5-1.8 
cells was determined by fluorescent probes Indo-l AM. Growth-
arrested PU5-1.8 cells were suspended in Na+ -HEPES buffer 
containing 2.5 uM lndo-I-AM to reach a cell concentration of 
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6x106 cells/ml. After incubation at 37°C, 5% CO2 for 30 mln, 
cells w~re washed and re suspended in Nat-HEPES buffer 
containing 1% BSA and the cell density was adjusted to 2x106 
cells/ml. Cells in this buffer could stand at room 
temperature for at least 1 hr. For the determination of 
cytosol ic free calcuim ([ Ca2t ] i)' the cells were re suspended in 
Nat-HEPES buffer and the cytosolic free calcuim was determined 
by Perkin Elmer LS 50 Fluorescence Spectrophotometer at 
excitation wavelength of 331 nrn (slit width 3nm) and emission 
wavelength of 410 nm (slit width 8nm). 
Changes in [Ca2+ J i were detected in the fluorescence 
signal tracing and the level of [Ca2+ Ji were estimated from the 
equation 
where 250(nM) is the for 2+ Ca -lndo-1, is the 
fluorescence signal observed when lndo-1 was saturated by 
Ca2t , which can be obtained by adding digi tonin (50 uM) to cell 
suspension in which the buffer contain 2 mM Ca2+. , FlUin is the 
autofluorescence of lndo-1 which can be estimated by adding 
MnC1 2 (lmM) to cell suspension; F is the fluorescence to be 
calibrated. The effectiveness of dye loading and response of 
cells were tested by ionornycin (100 ng/ml). 
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4. Intracellular pH measurement 
Fluorescent probe BCECF-AM was used for intracellular pH 
(pH.) measurement. Cells were incubated with BCECF-AM (2uM) in 
1 
Na+-HEPES buffer at 37°C, 5% CO2 for 30 min. After washing, 
cells loaded with BCECF were resuspended in Na+-HEPES buffer 
to a cell concentration of 2x106 cells/ml and the fluorescence 
signal was detected at excitation wavelength 505 nm and 
emission wavelength 530nm. Calibration of intracellular pH was 
attained by disrupting the cells with 5% triton X-lOO, and the 
relationship between the fluorescent signals and the buffer 
pHs was measured with a pH meter. 
5. Determination of membrane potential 
Changes in plasma membrane potential were determined by 
fluorescent probe bis-oxonol. Bis-oxonol (75 nM) was added to 
cell suspension {in Na+-HEPES buffer} 15 minutes before 
measurement took place. Tracings of fluorescence signal were 
obtained by flrorescence spectrophotometer at excitation 
wavelength 540 nm (slit width 5nm) and emission wavelength 580 
nm (slit width 10 nm). After a stable tracing was established, 
various agonists were added and a positive control was done b y 
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addition of gramicidin (0.1 ug/ml) to the cell suspension in 
the end of the experiment. 
6. Determination of phagocytic activity 
PU5-1.8 cells (lx106 cells/well) were allowed to adhere 
in a 24 well culture plate at 37°C, 5% CO2 for 4 hours. The 
phagocytic activity of the adhered cells were determined by 
the uptake of fluorescence probe biodipy-labelled zymosan A 
(yeast). Biodipy-labelled zymosan A (final concentration 
16ug/ml) was added to the cells and phagocytosis was performed 
at 37°C, 5% CO2 for 1 hour. After incubation, excess zymosan 
A were removed by washing the wells three times with 1 ml PBS. 
Cells wi th phagocytosed zymosan were then disrupted and . 
dissolved in 0.5 ml 0.5% (w/v) SDS after drying the plate in 
an oven. The amount of uptaken zymosan A in each well was 
determined by fluorescence spectrophotometer at exci tation 
wavelength 480 nm (slit width 10nm) and emission wavelength 
520 nm (slit width 20nm). The amount of cellular protein in 
each well was measured by Folin-Lowry method. With an aid of 
a standard curve of the fluorescent signals against the number 
of yeast phagocytic index . of the cells was calculated and 
represented by the number of zymosan A uptaken per ug cell 
protein. 
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7. Cell adhesion assay 
PU5-1.8 cells of concentration (5x10· cells/ml) were 
suspended in Na+-HEPES buffer containing 0.5% (w/v) BSA and 
were stimulated by various agonists. Two hundred ul of cell 
suspension was then added to each well of a 96- well culture 
plate and the cells were allowed to adhere onto well surface 
at room temperature for 1 hour. Subsequently, the wells were 
washed once by PBS to remove non-adhering cells and the cells 
adhered on wells were dried in a 60°C oven. Cells were then 
disrupted and dissolved in 1% (w/v) SDS. The amount of 
cellular protein was determined by Folin-Lowry method. The 
adhesion activities of cells treated with various agonists 
were reported in terms of % of control while the amount of 
protein from the cells treated with medium only was normalized 
to 100%. 
8. Statistical Analysis 
All resul ts are expressed in the ari thmet ic mean and 
standard deviation. Students's t-test is employed to determine 
the confidence limits in experiment comparison whereby P<0.05 
is regarded as significant difference. 
52 
Section 3 Results 
RESULTS 
1. Effect of membrane potential on cell proliferation in 
PU5-1aB cells and bone marrow-derived macrophages 
Evidence for induction of cell proliferation mediated by 
membrane depolarization in PU5-l.8 cells 
Several signal transduction pathways governing cell 
proliferation have been found in the past few years. They 
include ion fluxes, changes of intracellular pH (Rozengurt et 
al.,1986), and activation of protein kinases (Nishizuka et 
al.,1988). To see whether changes in membrane potential also 
play a role in the initiation of cell proliferation, DNA 
synthesis in PU5-l.8 cells after treatment with various agents 
which can change the membrane potential was measured. High 
extracellular potassium concentration and ionophore gramicidin 
were used to depolarize the membrane of murine macrophages 
( Sw allow eta 1 ., 1 990 ). Fig 1 -1 s how s the [ 3 H ] - t h ym id i ne 
incorporation of PU5-1.8 cells after pre-treatment of cells 
with either gramicidin or high [K+] -HEPES buffer for 1 hr. 
'Control' represents the radioactivity of [3 H]-thymidine 
incorporated into DNA in cells without any treatment, and was 
normalized to 100%. Depolarization of PU5-l.8 cells by either 
gramicidin or high [K+] buffer was found to enhance the [3 H]_ 
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Measurements of[3H]-thymidine incorporation of PU5-1.8 
cells stimulated by membrane depolarization 
PU5-1.8 cells(lxI06/ml)were pre-treated with 0.03~g/ml, 
0.06~g/ml of gramicidin (Gram) or pre-incubated in 
high-[K+] (140mM)-HEPES buffer for 1 hr before incubation 
with RPMI 1640 at 37°C, 5% CO2 for 24 hrs. Results were presented as % of control, and are mean ± SD of 
triplicate determinations. 
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Some proto-oncogenes such as c-myc and c-fos were 
believed to be involved in the regulation of cell 
proliferation. Expression of these genes was one of the early 
responses of cell proliferation after mitogen stimulator (). 
To investigate the relationship between membrane potential and 
the initiation of cell proliferation, the expression of c-myc 
and c-fos was determined after treatment of membrane 
depolarizing agents. 
The gene products of c-myc and c-fos were detected by 
immunofluorescent assay with specific antibodies against c-myc 
and c-fos, and FITC-linked secondary antibodies. Expression 
of c-myc and c-fos gene was observed after treatment of cells 
with gramicidin (Fig. 1-2 b,e) or high [K+] (140 mM) condition 
{Fig 1-2 c,f) as compared to control. The gene products MYC 
and FOS proteins were found at the subnuclear region. Together 
with the evidence found in [3 H]-thymidine incorporation (Fig. 
1-1), these observations suggest that membrane depolarization 
can induce the initiation of cell proliferation in PU5-1.8 
cells. 
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Fig. 1-2 Immunocytochemical studies of expression of c-myc and 
c-fos genes under membrane depolarization 
PU5-1.8 cells were incubated in Na+-HEPES buffer in the 
absence (a,d) or presence of O.03~g/ml gramicidin (b,e ) 
or incubated in high [K+]-HEPES buffer (c,f) at 37°C, 5% 
CO2 for 1 h. After incubation, cell were then fixed and 
stained for c-myc (a-c) or c-fos (d-f) gene products by 
specific antibodies and photographed by a fluorescent 
microscope. 
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Effect of an array of agonists on cell proliferation and 
membrane potential in PUS-le8 cells 
The mitogenic effect of an array of agonists on PU5-1.8 
cells were investigated. Among the five agonists, 
lipopolysaccharide (LPS), the chemotactic peptide N-formyl-
methionyl-leucyl-phenylalanine (FMLP), epidermal growth factor 
( EGF ) and bradykinin ( BK) 
[3H] -thymidine incorporation in 
showed 
PU5-1.8 
no enhancement of 
cells. Only cells 
incubated with fetal calf serum (FCS) increased DNA synthesis 
(Fig. 1-3). 
The effect of these agonists on membrane potential in 
PU5-1.8 cells was also studied (Fig. 1-3). Addition of LPS and 
BK caused no change in membrane potential in PU5-1.8 cells 
when measured by bis-oxonol (Fig. 1-4 trace a,b).There was 
also no membrane potential change in PU5-1.8 cells under 
treatment with FMLP or EGF (Fig. 1-4 trace c,d). However, FMLP 
enhanced the gramicidin-mediated depolarization (Fig. 1-4, 
trace c). In the case of FCS administration, membrane 
depolarization occurred with the activation by 10% FCS (Fig.1-
4 e). Administration of 1% FCS did not produce a significant 
change in Dis-C3-(5) fluorescence while the addition of 10% 
FCS led to a sudden drop of fluorescence which may be due to 
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the quenching effect of FCS. The Dis-C3-(5) fluorescence was 
" .. 
then gradually increased and this FCS effect inhibited 
gramicidin-mediated membrane depolarization (Fig. 1-4 trace 
e). This FCS-mediated membrane depolarization of PU5-1.8 cells 
was enhanced by pre-treatment of cells with gramicidin (Fig 1-
4 trace f). Bis-oxonal was not used to study the FCS effect on 
membrane potential because FCS interacts with the bis-oxonol 
and produces an increase in fluorescent signals in the cell-
free system (data not shown). 
Generally speaking, the results of membrane potential 
studies (Fig. 1-4) were parallel to the 3H-thymidine 
incorporation (Fig. 1-3), where only FCS showed some 
responses. These observations imply the requirement of 






















































Effects of various agonists on the [3 H]-thymidine 
incorporation in PU5-l.S cells 
Resting PU5-l.S cells (lxlOfi/ml) were treated with RPMI 
1640 containing lO%(v/v) FCS, LPS(O.211g/ml), 
EGF(lOOng/ml), FMLP(lOOllM), BK(20nM) or medium alone at 
37oC,5% CO2 for 24 h. [3H]-thymidine incorporation of the 
cells were then measured as described in Materials and 
Methods . Results are shown as % of control and are 
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Effects of various agonists on the membrane potential in 
PU5-l.8 cells 
Various agonists were added to Nat -HEPES buffer 
containing PU5-1.8 cells equilibrated with 7 5nM 
bis-oxonol (a-d) or 50nM diS-C j -(5) (e-f). Dosage of LPS 
, BK and FCS were used as indicated. Where indicated 
FMLP (lOO~M), EGF (125ng/ml) and gramicidin (O.2ug / ml ) 
were added. Experiments were assayed at 37°C. 
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Interrelationship between membrane potential and FCS-
mediated proliferation in PU5-lea cells 
Fig. 1-5 illustrates the effect of membrane potential on 
FCS-mediated cell proliferation in PU5-1.8 cells. Membrane of 
cells can be hyperpolarized by the ionophore valinomycin. 
Valinomycin therefore can act as an agent to clamp the 
membrane potential and prevent cell membrane from 
depolarization. When the membrane potential of PU5-1.8 cells 
was clamped by valinomycin, the FCS-mediated cell 
proliferation was almost arrested even with a low dosage of 
valinomycin eg. 0.5 llM (Fig. 1-5 a). This indicates the 
importance of membrane depolarization in FCS-mediated cell 
proliferation. 
Further investigation of membrane depolarization and FCS-
mediated cell proliferation was carried out. Though both 
gramicidin and FCS were found to depolarize PU5-1.8 cells and 
enhanced the cell proliferation, they have different effect on 
each other. The mitogenic effect of FCS was increased when 
cells were pre-treated with gramicidin before the addition of 
FCS (Fig.1-5 b). A biphasic curve shows an optimal dose of 
about 100 ng/ml of gramicidin to give a maximal enhancement of 
[3 H] -thymidine incorporation of about 170% of that wi th FCS . 
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However, pre-treatment of cells with FCS before subseque n t 
addition of gramicidin shows little or no difference to the 
FCS effect alone.(Fig. 1-5 b). Similar to the results obtained 
in Fig. 1-4 traces (e) and (f), FCS effect was found to be 
enhanced by gramicidin while gramicidin effect was suppressed 
by pre-treatment of FCS. The mechanism behind this observation 
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Effects of valinomycin and gramicidin on FCS-mediated 
l3H ]-thyrnidine incorporation of PU5-1.8 cells 
(a) Cells treated with various concentrations of 
valinomycin as indicated in the presence of 10% FCS f or 
24hrs . (b) Cells pre-treated with 10% FCS for 15 mins 
before addition of various amounts of gramicidin ( e ) or 
cells treated with gramicidin for 15 mins first wit h a 
subsequent addition of 10% FCS (0). The [H]thymidine 
incorporation was then determined as described in 
Materials and Methods. (The viability of cells after 
treatment was> 90%). Results are mean ± SD of tripl i cat e 
determinations. 
63 
Cytosolic alkalinization induces membrane depolarization i n 
PU5-1.8 cells 
The early alkalinization of the cytosol was found to 
stimulate cell proliferation (Moolenaar et al., 1986). As 
mentioned in the previous result, the cell proliferation of 
PU5-1.8 cells was closely linked to membrane depolarization. 
It was therefore interesting to determine whether there is any 
relationship between membrane potential and intracellular pH 
during the activation of cell proliferation. To investigate 
this, the change of membrane potential was monitored by using 
bis-oxonol after addition of NH4CI or Nigericin (Fig. 1-6). 
The presence of 15 mM NH4Cl in Na+-HEPES buffer increased the 
cytosolic pH of PU5-1.8 cells (data not shown). Under this 
situation, the membrane potential was found to be depolarized. 
After the removal of NH4Cl, the membrane potential returned to 
the original level (Fig.l-6 trace a). An electroneutral Ht/Kt 
exchanging ionophore nigericin was also used to increase the 
cytosolic pH of PU5-l.8 cells in buffer at pH 7.9. Nigericin 
clamps the internal pH with the relationship [Kt] /[K+]. = 
o 1 
[H+]o/[H+]i to produce an intracellular alkalinization, (Thomas 
et al., 1979 ). As shown in Fig. 1- 6 trace b, nigeric in-
mediated alkalinization also induced the membrane 
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Changes of membrane potentials in PU5-l.S cells by 
alteration of intracellular pH 
PU5-l.S cells adhered on clover slids were first 
equilibrated with bis-oxonol( 75nM)at 37vC. After a stable 
baseline of fluorescence signal was established, NHJCl 
(15mM in Na·-HEPES buffer pH 7.2) (a) or nigericin (lOO~M 
in Na t -HEPES, pH 7.9) (b) was added as shown in the 
figure. 
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Suppression of membrane depolarization and cell proliferation 
by protein kinase C activation 
Protein kinase C (PKC) plays an important role in the 
modulation of intracellular signal pathways. (Nishizuka et 
al., 1988. Farago et al., 1990). 
Activation of PKC by phorbol 12-myristate 13 acetate 
(PMA) was found to suppress the gramicidin-mediated membrane 
depolarization although PMA itself did not change the membrane 
potential of PU5-l.8 cells (Fig. 1-7 a trace a,b). Similarly, 
the enhancement of cell proliferation obtained by depolarizing 
PU5-1.8 cells with high [Kt] buffer was also eliminated by PMA 
treatment (Fig. 1-7 b). These resul ts suggest that cell 
proliferation induced by membrane depolarization can be 
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~ffects of PMA on membrane depolarization 
H-thymidine incorporation in PU5-1.8 cells 
and 
PU5-1.8 cells adhered on clover slids were equilibrated 
with bis-oxonol (75nM) at 37uC. After a stable 
fluorescent tracing was established, PMA (O.l~g/ml) or 
gramicidine (0.2~g/ml) was added as indicate? (tracing a 
& b). For the determination of [H]thymidine 
incorporation, PU5-1.8 cells (5x10~ cells/ml) were first 
treated with PMA (O.l~g/ml) or, medium alone for 15 mins, 
and then exposed to high [Kt] (140mM) -HEPES buffer or 
Na+-HEPES buffer for 1h. After incubation, cells were 
incubated i~ serum-free RPM! 1640 medium for 24h at 37°C, 
5% CO? and [H]thymidine incorporation was determined as 
descrlbed in Materials and Methods. (c). Results are mean 
± SD for triplicate determinations. 
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Effects of membrane potentials on cell proliferation ln bone 
marrow-derived macrophages 
In view of the influence of membrane depolarization on 
cell proliferation of PU5-1.8 cells, the effects of membrane 
potentials on cell proliferation in bone marrow-derived 
macrophages (BMDM0) were also investigated. BMDM0, obtained as 
mentioned in Materials and Methods, were incubated overnight 
with medium alone or with RPMI 1640 medium containing 10% 
(v/v) FCS (and 20% (v/v) L929 conditioned medium (CM) as 
growth factor supplement) at 37°C, 5% CO2 , [3HJ-thymidine 
incorporation obtained in cells stimulated with FCS and Lcell 
CM increased 35% ' as compared to control. (Table 1-1). 
Treatment of the cells wi th 1 pg/ml gramicidin or 1 pM 
valinomycin for 1 hr led to very different results on cell 
proliferation. Membrane-depolarization mediated by gramicidin 
enhanced the [3HJ-thymidine incorporation to 168% of that of 
control, which was greater than the effect due to 10% FCS. On 
the other hand, membrane hyperpolarization caused by 
valinomycin inhibited and lowered the DNA synthesis in BMDM0 
(Table 1-1 ) . These show the necessity of membr a ne 
depolarization on cell proliferation in BMDM0. 
Similar to PU5-1.8 cells, the FeS-med iated 11 
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proliferation in bone marrow derived macrophages also requ ired 
membrane depolarization. This statement is supported by the 
observations 1 ) that gramicidin-mediated membrane 
depolarization enhanced the DNA synthesis in BMDM0 and 2) that 
membrane potential clamped by valinomycin eliminated the 
stimulating effect of FCS. However, pre-treatment of cells 
wi th gramicidin for 1 hr did not show potentiation on FCS 
mitogenic effect. 
Similar to the situation in PU5-1.8 cells, protein kinase 
C also acts as a negative modulator in cell proliferation in 
bone marrow deri ved macrophages. As shown in Table 1-1, 
challenge of BMDM0 with PMA (0.1 pg/ml) alone inhibited the 
[3H]-thymidine incorporation. Pre-treatment of cells with 
100 ng/ml PMA 15 minutes before gramicidin treatment 
suppressed the ' gramicidin effect' on [3 H] -thymidine 
incorporation (Table 1-1). It seems likely that membrane 
depolarization may be one of the early events for the cellular 
proliferation in murine monocytic phagocytes. 
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Table 1-1 3 h . d· Effects of membrane potential and PMA on H-t yml lne 
incorporation in bone marrow-derived macrophages 
Treatmenta 
Control 
FCS (10%) 24h 
Gramicidin (l~g/ml) 1h 
Valinomycin (l~M) 1h 
Gramicidin (l~g/ml) Ih + 
FCS( 10%) 24h 
Valinomycin (I~M) Ih + 
FCS( 10%) 24h 
PMA (O.l~g/ml) 15min 
PMA (O.I~g/ml) 15min + 
Gramicidine (l~g/ml) Ih 
3H-thymidine 
1376 + 94 
1859 + 170 
2315 + 116 
272 + 9 
1748 + 53 
244 + 21 
790 + 40 
1215 + 89 
incorporation 
(135 + 12%) 
(168 + 8%) 
( 20 + 1%) 
( 127 + 4%) 
( 18 + 2%) 
57 + 3%) 
88 + 6%) 
( cpm) b 
a:Resting bone marrow-derived macrophages (5x10 5/ml) were incubated 
in the absence or presence of various agents as indicated for 1 hr 
at 37°C, 5% CO2 , After washing, cells were resuspended in fresh 
serum-free RPMr 1640 (or resuspended in 10% FCS in the FCS samples ) 
and cuI tured at 37°C, 5% COt for 24 hrs. For PMA treatment, PMA were 
added 15 mins before the In incubation. 
b:After incubation for 24 hrs at 37°C, 5% CO2, 3H-thymidine incorporation was determined as described in the Materials and 
Methods Numbers in brackets showed the % of cpm compared to 
control. Results are mean ± SD of triplicate determinations. 
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2. Intracellular signals for the regulation of phagocytosis ln 
PU5-1.8 cells 
Phagocytosis of unopsonized yeast in PU5-1.8 cells 
PU5-1.8 cells adhered on plastic culture plate were 
studied for the uptake of unopsonized yeasts (zymosan A) which 
had been linked to fluorescent dye bodipy. As shown in Fig.2-
1 the uptake of the bodipy yeast by PU5-1.8 cells increased 
gradually with time and came to a plateau at 60 minutes. The 
time interval of 60 min was therefore chosen for the following 
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Time course of phagocytosis o f yeast in PU5-l.B ce l ls 
PU5-l.B cells (lxl06 ce l ls/ml) in RPM! 1640 were first adhered to 
plastic culture plate. 1.6pg/ml of fluorescent dye bodipy linked 
zymosan A were subsequently added to the adhered cel l s and allowed 
for phagocytosis at 37°C, 5% CO2 for var i ous time i nte r vals. The phagocytosis was stopped by removal of zymosan A by d iscarding the 
medium and was hing the ce lls with PBS. The phagocyt i c activities of 
PUS-I. B cells we r e then measured as descr i bed in "Materials and 
Me t hods". Results a r c mean ± SD t r i pl icate determinations. 
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Effects of membrane potential on phagocytosis in PU5-l. 8 cells 
Phagocytosis in macrophages has been found to be 
accompanied by changes in ion flux (Young et al., 1983) and 
membrane potential (Kouri et al., 1980). The investigation of 
the effects of membrane potentials on phagocytosis 1n PU5-l.8 
cells were then carried out. Interestingly, uptake of bodipy-
labelled yeast by adhered PU5-l18 cells were also enhanced by 
gram i cid in ( Fig. 2 - 2 ) . The phagocytosis was increased by 
gramicidin in a dose-dependent manner wi th an EC50 around 
500ng/ml. Depolarization of plasma membrane can also be 
achieved by changing the composi tion of Na+ and K+ in the HEPES 
buffer during phagocytosis. As the concentration of 
extracellular K+ increased (compared to normal Na+-HEPES buffer 
wi th l45mM Na+ and 5 mM K+ which possesses a Na+ /K+ composi tion 
close to physiological media), the plasma membrane of PU5-l.S 
cells become depolarized. It is shown in Fig. 2-3 that the 
phagocytosis of yeast was also enhanced by high K+ -HEPES 
buffer I It was concluded that depolarization of plasma 
membrane could enhance the phagocytosis of yeast by PU5-l.8 
cells. 
It was interesting to find that mixing zymosan A with 
PU5-l18 cell suspension led to changes in membrane pot e n tial 
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of the cells. Addition of 60 pg/ml of non-fluorescent dye 
linked zymosan A hyperpolarized the plasma membrane potent i a l 
when determined wi th the fluorescent probe bis-oxonol (Fig. 2-4 
trace a). 
When PU5-1.S cell suspension was treated with 1 pg/ml of 
gramicidin, the plasma membrane potential depolarized and 
membrane potential was clamped by this ionophore, further 
addi tion of zymosan did not cause any change in membrane 
potential (Fig. 2-4 trace b). Therefore the effect of zymosan 
was likely to be on the cell membrane potential but not the 
fluorescent probe. 
In order to substantiate this observation, the 
ionophore valinomycin was employed to hyperpolarize the plasma 
membrane. As shown in Fig. 2-5, phagocytic activities 
increased as the concentration of valinomycin increased, until 
a dose of 103 nM was reached. Further increase in the 
concentration of valinomycin did not enhance the phagocytic 
activities but returned the index to the level around the 
control. Decrease of K+ in the extracellular environment will 
lead to plasma membrane hyperpolarization. When the 
phagocytosis was assayed in low K+-HEPES buffer, a biphasic 
pattern was observed (Fig. 2-6). Fig.2-6 illustrats that when 
the extracellular K+ concentration ([K+] ) was maintained at 3-
o 
4mM, an enhancement in phagocytosis was obtained. Howe ver, 
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further decrease of [K+]o suppressed phagocytosis as compared 
to the control in 5 mM of [Kt]o)' It was clear that the 
membrane hyperpolarization can both induce and suppress 
phagocytosis in PU5-l.B cells and the effect depends on the 
degree of membrane potential changes. 
Fig. 2-7 showed the possible involvement of the voltage-
operated calcium channel in phagocytosis in PU5-l.B cells. 
The administration of gramicidin led to an immediate decrease 
of [Ca2t ] i followed by an increase in [Ca2t ] i (Fig. 2-7, trace 
a) while the addition of valinocycin resulted ln a transient 
increase ln [ca2+]i (Fig. 2-7, trace b). The possible 
explanations may be that the early plasma membrane 
depolarization induces the efflux of Ca2+ from the cytosol to 
the extracellular environment and a deeper plasma membrane 
depolarization causes the opening of vol tage-operated Ca2+ 
channels to allow Ca2+ influx. On the other hand, plasma 
membrane hyperpolarization increases the electro-gradient to 
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Effect of Gramicidin on the phagocytic activities in PU5-1.8 cells 
After adhered on culture plate, 1x10~ of PU5-1.8 cells were treated 
with or without various concentrations of gramicidin in RPMI 1640 
and 1.6 pg/ml bodipy linked zymosan A subsequently added. The PU5-
1.8 cells were allowed to uptake yeast at 37°C, 5% CO2 for 1h. The phagocytic activities of PU5-1.B cells were then measured as 






























Activation of phagocytosis of yeast in PU5-1.B ce.lls by plasma 
.membrane depolarization 
PU5-1.B cells (lx106 cells/ml) were first adhered on culture plate 
in RPMI 1640. The medium was then removed and the cells were 
submerged in HEPES buffers with different proportions of [Nat ] and 
[Kt] (a). PU5-1.8 cells treated with gramicidin (lllg/ml) in normal 
HEPES buffer (140mM Nat , 5mM Kt) was also assayed for the phagocytic 
activities (b). The phagocytic activities of PU5-1.B cells were then 
measured as described in "Materials and Methods". Results are mean 




























Gramicidin 1 min 
Effect of zymosan A on the plasma membrane potenti a l o f PU 5- 1 . 8 
cells 
PU5-ltB cells (2xlOo cells/ml) suspended in Nat-HEPES buffer were 
equilibrated with 75nM bis-oxonol. After baseline was e s tablished, 
60pg/ml of zymosan A or lpg/ml of gra micidj.n wa s added a s i ndic t d 
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[Valinomycin] (nM) 
Effect of various concentrations of valinomycin on the phagocytosis 
of yeast in PU5-l.8 cells 
Adhered PU5-l.8 cells (lxl06 cells/well) were assayed for the 
phagocytic activi ties by uptake of zymosan A in the presence or 
absence of various concentrations of valinomycin in RPMI 1640 at 
37°C, 5% CO2 for lh. The phagocytic activities of PU5-1.8 cells were 
then measured as described in "Materials and Methods". Results are 
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Effect of low Kt-HEPES buffer on the phagocytosis in PU5-I.B cells 
PU5-l.B cells (lxl06 cells/ml) were first adhered on culture plate. 
After removal of the RPM! 1640, cells were submerged in Nat-HEPES 
buffer with varying extracell ular Kt ([ Kt] ). Zymosan A was then 
added to the cells and incubated at 37oC~ 5% CO2 for lh. The phagocytic activities of PU5-l.B cells were then measured as 























Changes of in trace llu lar calc i urn 
gramicidin and valinomycin 
1 
1 min 
'\ t ([Ca" ]i) in PU5-l.8 cel l s by 
PU5-l.8 cells (2xlOo cells/ml) ~vere pre-loaded with 2 . 5}.llt1 o f i ndo 
l-AM for 30 min. After washing, cells were suspended in Nat -HEPES 
buffer. As the baseline was established, lpg/ml of gr ami c idin 
(a) or lpM of valinomycin (b) was added as indicated. At the end 
of the experiment, calcium ionophore ionomyc in (O. l pg/ml ) was 
ad cl e d (a & b). 
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Change . in phagocytic activities in PU5-1.8 cells b y 
activation of protein kinase C 
The important regulatory roles of PKC activation have 
been investigated in various signalling pathways. PKC 
activation 1S also involved in the signal pathways for 
phagocytosis in macrophages. Pre-incubation of human 
monocytes with phorbol esters makes the cells highly reactive 
for phagocytosis (Wright et al., 1984). Human macrophages 
were also found to be activated in phagocytosis by phorbol 
ester PMA (Newman et al., 1991). In PU5-1. 8 cells, activation 
of PKC also enhanced phagocytosis (Fig.2-8). The activation 
of PKC by PMA in PU5-1. 8 cells showed an optimal dose of 
10 ng/ml (Fig. 2-8). Higher concentration of PMA did not 
cause an 1ncrease of phagocytosis but suppressed the 
phagocytosis. Similar to the effect of membrane 
hyperpolarization, activation of PKC caused a biphasic effect 
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Effect of var i ous concentrations of phorbol ester PMA on 
phagocytosis of yeast in PU5-I . B cells 
PU5-1.8 cells (lxlOoce l ls/well) were stimulated in the abs ence or 
presence of various concentrations of PMA . Cells were then incubated 
wi th 1 . 6 llg/ml of yeast at 37°C, 5% CO2 for lh. The phagocytic 
activities of PU5-1.8 cells were then measured as descr i bed in 
"Materials and Methods". Results are mean ± SD of t r iplicate 
determinations. 
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Effects of protein kinase C on membrane potential-induced 
enhancement of phagocytosis in PU5-1.8 cells 
To study whether PMA has any effect on the gramicidin-
induced enhancement of phagocytosis in PU5-1. 8 cells, the 
adhered cells were first treated with PMA (10 or 100 ng/ml) 
for 15 minutes. Then 1 ~g/ml gramicidin was added for the 
study of phagocytosis. The enhancement of phagocytosis by 
gramicidin was eliminated by the activation of PKC (Fig. 2-
9a) • A similar experiment setup was also used to study the 
effect of PKC on valinomycin-induced phagocytosis in PU5-1.8 
cells (Fig. 2-9b). An additive effect was observed when PU5-
1.8 cells were activated by PMA and valinomycin, and the 
phagocytosis was greatly increased when the PU5-1. 8 cells were 
pre-trea ted wi th PMA for 15 min. Taken together, PKC was 
found to reduce the depolarization effect but enhance the 
hyperpolarization effect on phagocytosis in PU5-1.8 cells. 
The activities of protein kinase C in PU5-l.8 cells were 
down-regulated by the long term stimulation of the enzyme with 
phorbol ester. These "PKC depleted" cells lack PKC activities 
and the enzymes are no longer stimulated by phorbol esters or 
other stimulatnts. The phagocytosis enhanced by gramicidin in 
both "PKC depleted" and untreated PU5-l.8 cells were found to 
be comparable; however, phagocytosis in the PKC depleted PU5-
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1.8 cells were not enhanced by 1 ~M valinomycin (Fig. 2-10 ). 
This me~ns the depolarization-induced phagocytosis in PU5-1.8 
cells does not require the involvement of PKC while the PKC 
activities are required by hyperpolarization-induced 
phagocytosis in PU5-1.8 cells. 
The possible explanations for PMA suppression on 
gramicidin-induced enhancement of phagocytosis in PU5-1.8 
cells are illustrated in Fig.2-11 and Fig. 2-12. Treatment of 
PU5-1.8 cell suspension wi th 100 ng/ml PMA slightly 
hyperpolarized the plasma membrane and made the further 
addition of gramicidin less potent in the induction of 
depolarization (Compare Fig. 2-11 trace a to trace b). 
Alternatively, activation of PKC by PMA increased the [ca2+]i 
in PU5-1. 8 cells when measured wi th Ca2+ fluorescent probe Indo 
1-AM. In contrast, gramicidin lowered the [ca2+]i transiently 
in PU5-1.8 cells (Fig.2-15 and Fig.2-7 trace a). Therefore, 
activation of PKC by PMA may exert its suppressi ve effect 
through [Ca2+] i or plasma membrane potent ial pathways. 
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Effects of PMA on the plasma membrane potential-mediated 
phagocytosis of yeast in PU5-l.8 cells 
(a) Adhered PU5-l.8 cells (lxl06 cells/well) were treated with PMA 
'or gramicidin alone, or pre-treated with PMA 15 min before addition 
of gramicidin. 1.6~g/ml of yeast were then incubated with the PU5-
1.8 cells at 37°C, 5% CO2 for lh. (b) Similar to the experlmental procedure in (a) except with the use 
of valinomycin instead of gramicidin. 
The phagocytic activities of PU5-l.8 cells were then measured as 
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Effect of plasma membrane depolarization and hyperpolarization on 
phagocytosis of yeast in normal and protein kinase C depleted PU5-
I.B cells 
Protein kinase C depleted PW5-1.8 cells were obtained by incubating 
adhered PU5-I.B cells (lxlO cells/well) with PMA (lOOng/ml) in RPMI 
1640 at 37°C, 5% CO2 for 24h · Untreated and PKC depleted PU5-L 8 
cells were treated with or without gramicidin (lpg/ml) or 
valinomycin (lpM), togethel with the zymosan A in RPMI 1640 a t 370C 
for lh. The phagocytic acti vi ties of PU5-1. B cells were t hen 
measured as described in "Materials and Methods". Results a r e mean 





























on gramicidin-mediated plasma membrane 
6 PU5-I.B cells (2xlO cells/ml) were suspended in Na~-HEPES bu ff e r 
containing 75nM of bis-oxonol. After baseline was es tabl ished 
PU5-I.B cells were stimulated with gramicidin (lpg/ ml) wi t h (b) 






















Effect of PMA and .., gramIcIdln on [CaZt ] P~5~\.8 cells (2xl06 cell / i of PU5-l.8 cells 
a I 7 C for 30min ,s ml) were loade . Na -HEPES b ff · Cells were subs d WI th 2. 5p1<l of . d b' u er. <\f!' b equently wasl d In 0 l-A/tl 
o taIned, lOOng/ml of PM~r aseline of indo ~e ,and suspended in was added. fluor escenc e was 
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Phagocy~osis in PU5-1.8 cells requires assembly of microtubule 
It has long been agreed that the cytoskeleton is 
important in the process of phagocytosis. Both unopsonized 
uptake or complement C3 -mediated uptake of yeast by human 
macrophages require assembly of microfilaments and 
microtubules (Newman et al., 1990; Roos et al., 1983). In 
PU5-1.8 cells, inhibition of microtubule assembly by 
colchicine suppressed the phagocytosis in a dose-dependent 
manner (Fig. 2-13). 
Microtubule assembly is important in basal phagocytosis 
but the inhibi tor colchicine only slightly suppressed the 
gramicidin and valinocycin-induced enhancement of phagocytosis 
in PU5-1.8 cells (Fig.2-14). It is possible that phagocytosis 












Effect of microtubule inhibitor colchicine on the phagocytosis in 
PU5-1.8 cells 
Adhered PU5-1.8 cells (lxl06 cells/well) were incubated wi th or 
without various concentrations of colchicine at 37°C for Ih in RPMI 
1640 before the addition of 1.6pg/ml of zymosan A. The phagocytic 
activities of PU5-1.8 cells were then measured as described in 
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Effect of colchicine on the gramicidin- and valinomycin-med iated 
phagocytic activities in PU5-I.B cells 
Adhered PU5-I.B cells (lxl06 cells/ml) were stimula ted with 
gramicidin (ll1g/ml), valinomycin (ll1M) or med i um a lone in the 
presence or absence of colchicine (lmM) as indicated. Phagoctosi s 
assays were done in a 37°C, 5% CO2 incubator for Ih. The phagocytic 
activities of PU5-I.B cells Here then measu red as described in 
"Materials and Methods". Resul ts are mean ± SD of triplicate 
determinat i ons. 
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Effects of intracellular calcium and cAMP on phagocytosis in 
PU5-1.8 cells 
Intracellular calcium ([Ca2t ]i) and cAMP are important 
messenger molecules in intracellular signal transduction and 
govern various cell responses during cell stimulation. It has 
been reported that phagocytosis in neutrophil via Fc receptor 
triggers the increase of [Ca2+]i (Walker et al., 1991). 
Elevation of cAMP was also found to be required for normal 
phagocytic activities in J774 macrophages and murlne 
peritoneal macrophages (Musehel et al., 1977). The effects of 
[ca2t ]i and cAMP on the phagocytosis in PU5-1. B cells were then 
studied by using Ca2+ ionophore ionomycin, cAMP analog and cAMP 
elevating agents. 
The phagocytosis in neutrophils via Fc receptor has been 
found to depend on the increase in [Ca2+] i (Salmon et 81., 1990 
and Walker et al., 1991). In light of this, the effect of 
yeast on the [ca2+]i was studied. As shown in Fig.2-15 trace a, 
yeasts had no effect on the [ca2+]i level of PU5-l. B cells 
suspension as measured by indo-1 (Fig. 2-15 trace b). 
However, addition of ionomycin increased the [ca2+]i rapidly 
2+ 
and the [Ca ]i level gradually decreased to the original level 
This suggests that the indo-1 loaded PU5-1.B cells are 
functional. In addition, no significant change in the kinet ics 
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of the [Ca2+]i recovery to the resting level in the PU5- 1.8 
cells treated with or without yeast (Fig.2-15, trace a & b ) . 
On the other hand, when the effect of [ca2+]i on the 
phagocytosis in PU5-1.8 cells was studied. Fig.2-16 shows the 
dose dependent curve of phagocytosis in PU5-1.8 cells against 
the concentration of ionomycin used. There was a slight 
increase in phagocytosis as [Ca2+ ] . increased by ionomyc in 
1 
administration, and the optimal dose of 100 ng/ml ionomycin 
can only give a 10% enhancement of phagocytosis (compared to 
control, p<0.05). Overdose of ionomycin (1 ~g/ml), however, 
suppressed the normal basic phagocytosis. 
Elevation of cAMP by agents such as cholera toxin and 
theophylline or by use of cAMP analog sp-cAMPS showed no 
significant increase of phagocytosis in PU5-1.8 cells (Fig. 2-
17) • When cAMP level was lowered by adenylate cyclase 
inhibitor Rp-cAMPS, basal phagocytosis remained. It was then 
found that cAMP was not involved in the phagocytosis of yeast 























Effect of zymosan A on the [C}·]i level in PU5-I.B ce l ls 
PU5 - I.B cells (2xl06 cells/ml) were pre-loaded with 2. 5~M of i ndo l-
AM for 30 min. After incubation cells were washed a nd suspended Hith 
Nat-HEPES buffer. Onc e the ba seline wa s e sta bl is hed, 60p / ml f 
zymosan A was added to the c e 11 suspe nde d ( a ), fo 11 0wed by h 
add ition o f cal c ium i onophore i onomycin ( a & b) . An i ner, ln 
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Dose dependent effect of calcium ionophore ionomycin on the 
phagocytosis of yea~t in PU5-l.B cells 
PU5-l.8 cells (lxlOb cells/well) adhered on plastic culture plate 
were incubated wi th 1.6 pg/ml bodipy linked zymosan A in the 
absence or presence of various coneentrations of ionomycin and 
incubated at 37°C, 5% CO2 for lh. The phagocytosis activities of 
PU5-l.8 cells were then estimated as described in "Materials and 










































Effect of cAMP elevating agents on phagocytosis of yeast ln PU5-l.8 
cells 
PU5-l.8 cells (lxl06cells/ml) were first adhered on plastic culture 
plate in RPM! 1640. Phagocytosis was then performed under the 
absence or presence of cAMP elevating agents cholera toxin, 
theophylline and SPOcAMPS or inhibitor Rp-cAMPS at the concentration 
as indicated at 37, 5% CO2 for lh. The phagocytic activities of PU5-l.8 cells were then measured as described in "Materials and 
Methods". Results are mean ± SD of triplicate determinations. 
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Acidic intracellular pH enhances phagocytosis In PU5-1. 8 cells 
Cells can be treated with NH4Cl to 
intracellular cytosol (Bierman et al., 1987). 
acidify the 
In order to 
study the effect of intracellular pH on phagocytosis in PU5-
1.8 cells, cells were first treated wi th 15 mM NH4 Cl and 
subsequently washed with buffer free from NH4+' On the other 
hand, amiloride is an inhibi tor for the Na+ /H+ antiporter which 
regulates the intracellular pH. Inhibition of the Na+/H + 
antiporter reduced the removal of H+ from cells thus acidifing 
the cell (Fig. 2-18 a). 
When PU5-1.8 cells were acidified by NH 4Cl in the 
presence of amiloride (2mM) or treatment with amiloride alone, 
the phagocytosis was much enhanced (Fig. 2-18 b). The 
intracellular acidification caused by NH4Cl seems to be more 
active in promoting phagocytosis than the treatment with 
amiloride alone. It may be due to the fact that more H+ ions 
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Effect of acidic intracellular pH (pHi) on the phagocytosis in PU5-
1.8 cells 
Adhered PU5-l.B cells submerged in Nat-HEPES buffer were pretreated 
with l5mM of NH{Cl for 15 min and subsequently washed with Na+-HEPES 
buffer. 2mM of amiloride together with 1.6 pg/ml zymosan A were 
then added. For control samples, PU5-1.8 cells were also washed 
with buffer and were treated with or without amiloride. The 
phagocytic activities of PU5-I.B cells were then measured s 
described in "Materials and Methods". Resul ts a r e mean ± SO f 
triplicate determinations. 
Inset shaHs the BCECF fluorescent trac i ng after sthe nddi ti n f 
amiloride (2mM) to PU5-I.B cells suspension (2x10 cells / ml). 
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3. EFFECTS OF VARIOUS AGONISTS ON PHAGOCYTOSIS OF YEAST IN 
PU5-l.a CELLS 
Effect of chemotactic peptide N-formyl-methionyl-leucyl-
phenylalanine (FMLP) on phagocytosis in PU5-1.8 cells 
The effect of chemoattractant peptide FMLP on the 
chemotasis, enzyme secretion and production of 02 in 
neutrophils and macrophages have been widely investigated 
(Becker et 
little is 
81 ., 1 979 and Sh if fman et al., 1 975 ) . 
known about the activation of 
However, 
macrophages 
phagocytosis by these chemotactic molecules. To investigate 
the effect ·of FMLP on phagocytosis in PU5-1.8 cells, plastic 
adhered cells were allowed to take up yeast (zymosan A) under 
a series of concentration of FMLP (Fig. 3-1). A biphasic 
dosage curve was obtained wi th an optimal dose of 100 pM. 
Further investigation of the FMLP effect showed that 
enhancement of phagocytosis by the optimal dose of FMLP was 
under the regulation of protein kinase C. Activation of 
protein kinase C by pre-treatment of 100 ng/ml of PMA for 15 
min was found to abolish the FMLP enhancement (Fig. 3-2). 
However, FMLP did not enhance the phagocytosis in PKC depleted 
PU5-1.8 cells suggesting that activation of PKC is one of the 
early events for phagocytosis. On the other hand, microtubu le 
assembly may be the other necessary step for the phagoc ytosis 
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since it could be inhibited by the presence of micro t ubule 
inhibitor colchicine. Although seemingly paradoxal, it has 
long been discovered that there are feedback regulation in PKC 
activation. It is possible that the pre-treatment of cells 
with PMA activated the PKC in PU5-l.8 cells and inhibited the 
binding or other response of FMLP to the cells. 
The possible signal pathways used by FMLP activation were 
studied. Though FMLP is well documented in raising [Ca2+]i' pHi 
in macrophages and neutrophils, FMLP was found to be 
independent of membrane potential, intracellular calcium and 
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Effect of chemotactic peptide N-formyl-Methionyl-Leucyl-
in PUS-l.B cells Phenylalanine (FMLP) on phagocytosis 
Various con~entrations of FMLP as indicated were added to PU5- l .B 
cells (lxlO cells/ml) which were previously adhered to plastic 
culture plate. 1.6 ~g/ml of fluorescent dye bOdifY linked zymosan 
A we re add ed tot h e cell s an d we rei ne u b at ed at 37 C, 5 % CO, for I h . 
The phagocytic acti v j ti es of PU5-1. B cells were then measured a s 
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Effeets of various treatments on the FMLP-induced phagocytosis of 
yeast in PU5-l.B cells 
(a) PU5-1.B cells were incubated with PMA (100ng/ml) or colchicine 
(lmM) or medium alone in the presence of 1.6pg/ml of zymosan .A. For 
the PKC depleted cel.ls (DP.KC) , PU5-1.8 cells were chronicall y 
incubated with PMA (O.l~g/ml) at 37°C, 5% C~ for 24h before used. 
(b) Similar treatment were done as shown in (a) except that FMLP 
(100pM) was present in each cell sample. 
The phagocytic :lctivities of PU5-1.B cells were then measured as 
described in "Materials and Methods". The yeasts taken by the 



































































Ef feet of FMLP on plasma membrane potential, 




PU5-I.B cells (2x106 cells/ml) were equilibrated Hith 7 5nM of bis-
oxonol (a), pre-loaded with indo I-AM for 30 min (b) or p r e - lo ad ed 
with 211M of BCECF-AM (c). After the fluoresc e nc e baseli n wn 
obtained, 1001lM of FMLP was added to the cell s uspension . Wh r 
indicated, gramicidin (lllg/ml), ionomyc i n (0 . lllo'/ ml ) , or NH ( " 
(15mM) was added. 
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Effects ·of lipopolysaccharide (LPS) on phagocytosis in PU5- 1.8 
cells 
The endotoxin lipopolysaccharide (LPS) from Gram negative 
bacteria is a potent mitogen for lymphocytes, and is capable 
of stimulating human monocytes (Doherty et 81.,1989). LPS was 
examined for its ability in inducing phagocytosis in PU5-1.8 
cells. An optimal dose of 500 ng/ml of LPS was found to 
produce a maximum enhancement of phagocytosis in PU5-l. 8 cells 
(Fig. 3-4). The effect of LPS was found to be independent of 
PKC ac t i vi tie s . Neither activation of cell with PMA nor 
removal of PKC activities by down regulation (PKC depleted 
cells) altered the LPS effect (Fig. 3-5). However, 
microtubule assembly was still important since the 
phagocytosis enhancement was abolished by colchicine. 
Though LPS showed no effect on the membrane potential and 
[ca2+]i level in PU5-1.8 cells when measured with fluorescent 
probes bis-oxonol and indo l-AM (Fig. 3-6 a,b), a marked 
decrease in intracellular pH was detected (Fig. 3-6 c). 
Therefore, the action of LPS on the phagocytosis may be 
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Effects of 1 ipopolysacchar i de (LPS) on phagocytosis in PU5-I. 8 cells 
Various concentrations of LPS together with 1.6 pg/ml of fluoresceni 
dye bpdipy linked zymosan A were added to PU5-I.8 cells (lxlO 
cells/ml) which were previously adhered to plastic culture plate and 
were submerp;ed in RPMI 1640. The assay was conducted at 37°C, 5% CO
2 for lh. The phagocytic activities of PU5-1.8 cells were then 
measured as described in "Materials and Methods". Results are mean 
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Effect of various treatments on the LPS-induced increase in 
phagocytosis of yeast in PU5-1.8 cells 
(a) PU5-I.B cells were incubated with PMA (lOOng/ml) or colchicine 
(ImM) or medium alone in the presence of 1.6pg/ml of zymosan A. For 
the PKC depleted cells (DpKC )' PUS-I.B cells were chronically incubated with PMA (O.l~g/ml) at 37°C, 5% CO2 for 24h before used. (b) Simi lar treatment were done as shown in (a) except that LPS 
(500ng/ml) was present in each cell sample. 
The phagocytic activit i es of PUS-I.8 cells were then measured as 
described in "Materials and Methods". The yeasts taken by the 
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Effect of LPS on plasma membrane potential, [ca2t Ji and intracellu la r pH (pHi) of PU5-I.B cells 
PU5-l.B cells (2xlOb cells/ml) were equilibrated with 75nM of bis-
oxonol (a), pre-loaded with indo l-AM for 30 min (b) or pre - lond ed 
with 211M 0 f BCECF-AM (c). After the fluoresc e nc e bas e 1 i ne ~" 
obtained, 511g/ml of LPS was added to the c e ll s uspension. \~ h r 
i nd i c a t e d, g r a mi cidin (lp g/ml), iono mycin (O. l llg/ml), r NH~ 1 
(15 mM) was add ed . 
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Effects of concanavalin A (Con A) on phagocytosis in PU5- l.8 
cells 
Erythrocytes or smooth encapsulated bacteria were found 
to be able to bind to surface of phagocytes with the lectin 
concanavalin A (Con A) and thus increased the phagocytosis 
(Horwitz et al., 1980). Con A could also stimulate leukocyte 
and acts as mi togens of Band T lymphocytes. In PU5-l. 8 
cells, Con A stimulated the phagocytosis of yeast in a dose 
dependent manner (Fig. 3-7). About 50% increase in 
phagocytosis in PU5-1.8 cells was observed when the cells were 
treated with 100 ~g/ml of Con A and yeast together. ConA 
showed no activation are inhibition by PMA pre-treatment, and 
when the cells were PKC depleted, Con A showed much greater 
enhancement of phagocytosis in PU5-1.8 cells (Fig. 3-8). 
Colchicine was able to inhibit the Con A activation which 
means the Con A effect also required microtubule assembly. 
When PU5-1.8 cells were treated with Con A, no changes in 
membrane potential, [Ca2+]. and pH . were observed (Fig. 3-9 trace 
1 1 
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Effects of concanavalin A (Con A) on phagocytosis in PU5-l.B cells 
Various concentrations of Con A together with 1.6 pg/ml of 
fluorrscent dye bodipy linked zymosan A were added to PU5-l.B cells 
(lxlO cells/ml) which were previously adhered to plastic cuI ture 
plate and were submerged in RPMI 1640. The assay was conducted at 
37°C, 5% CO2 for lh. The phagocytic activities of PU5-l.B cells were 
then measured as described in "Materials and Methods". Results are 
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Effect of various treatments on the Con A-induced lncrease in 
phagocytosis of yeast in PU5-1.B cells 
(a) PU5-1.B cells were incubated with PMA (100ng/ml) or colchicine 
(lmM) or medium alone in the presence of 1.6pg/ml of zymosan A. For 
the PKC depleted cells (DP.KC)' PU5-1. B cells were chronically 
incubated with PMA (O.l~g/ml) at 37°C, 5% CO2 for 24h before used. (b) Similar treatment were done as shown in (a) except that Con A 
(100pg/ml) was present in each cell sample. 
The phagocytic activities of PU5-1.8 cells were then measured as 
described in "Materials and Methods". The yeasts taken by t he 

















































con A Gramic i din 
b 
Con A Ionomyc ; n 
q.~~-~~ ~~~ C 
i t ~ 
con A NH4Cl 1 mi n 
Er fec t of Con A on plasma membrane po ten tial , [CaGt ] i and 
intracellular pH (pH i ) of PUS-l.8 cells 
PU5 -1 .B cel l s (2 x l06 c el ,l s /ml) we re equil i b rated with 75nM of bis-
oxonol ( a ), pre - l oa d e d with i ndo l -AM f or 30 min (b) o r pre - lo 1:td I 
wi t h 21lM of BCECF-AM ( c ). After t he fluor e s cence bas 1 in w 
obtained, lOO }lg/m l of c o n A was a dded to the cel l s uspension. Wh r 
i ndicated, gramicidin ( l pg/ ml), i onomyci n (O. l\.lg/ m ), NH( Cl ( 'm \ 
or zymo san A (60~ g/ml) was added. 
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Effect of complement components on phagocytosis in PU5- l t 8 
cells 
Complement (C') C3b and C3b. are opsonins which bind to 
1 
many foreign particles such as bacteria and zymosan. C' assist 
the phagocytosis of these particles by phagocytes. There are 
specific cell surface receptors for the binding of 
complements, and the binding of these receptor was found to 
trigger the phagocyte to ingest the foreign particles (Wright 
et al., 1984; Griffin et al., 1979 and Newman et al., 1991). 
Serum complements were found to increase the phagocytosis of 
yeast in PU5-l.8 cells (Fig. 3-10). As the concentration of 
C' containing serum increased, the phagocytosis of yeast 
nearly increased three fold when 2% (v/v) of e' was applied. 
The enhancement of phagocytosis by serum complement was not 
due to other factor in the serum. When serum was heated at 
56 0 C for 30 minutes only C' but not other factors became 
inactivated. Treatment of PU5-l.8 cells with this heat 
treated serum showed no enhancement ln phagocytosis 
(Fig.3-ll).Though it was reported that the ingestion after 
complement binding required activation of PKC (Wright et al., 
1982), e' effect on PU5-l.8 cells was independent of PKC 
activities (Fig.3-l2). The C' effect was not affected by the 
activation of PKC by PMA or down-regulation of PKC (in PKC 
depleted cells), However, the complement effect was sens itive 
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to the microtubule inhibitor, and the increase in phagocyt o sis 
was totally ablolished by colchicine. 
C' depolarized the plasma membrane of PU5-1.8 cells when 
measured with dis-C3-(5). The subsequent addition of yeast 
did not change the sustained level of the membrane potential 
(Fig. 3-13 a). C' also increased the [ca2+]i as shown in Fig. 
3-13 trace b. The sudden drop of fluorescence after C' 
addition was due to the quenching effect of serum. Again, 
yeast had no effect on the [Ca2+] i . 
membrane potential and it 
(Fig. 3-13 c). 
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Though C' was active in 
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Effects of serum complement (C') on phagocytosis of yeast in PU5-I.B 
cells 
Various concentrations of e' together with 1.6 pg/ml of fluoresceni 
dye bodipy linked zymosan A were added to PU5-I.B cells (lxlO 
cells/ml) which were previously adhered to plastic culture plate and 
were submerged in RPMI 1640. The . assay was conducted at 37°C, 5% CO2 for lh. The phagocytic activities of PU5-l.8 cells were then 
measured as described in "Materials and Methods". Results are mean 
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Effect of heat inactivated serum complement (C.) on the phagocytosis 
1 
of yeast in PU5-1.8 cells 
Serum complement (C') Has heat- inacti vated by heating the complement 
in water bath at 56°C for 30 min. The heat-inactivated complemen~ 
(C.) (1% v/v) was employed to treat adhered PU5-1.8 cells (lx10 
: ce~ls/ml) in RPMI 1640 wi. th or wi thout colchicine (ImM). Control 
samples were also set up by incubating cells wi th or without 
colchicine (lmM). All samples were added with 1.6~g/ml of zymosan 
A and incubated at 37 C, 5% CO2 for Ih.The phagocytic activities of PU5-1.8 cells were tben measured as described in "Materials and 
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Effect of various treatments on the C'-induced lncrease in 
phagocytosis of yeast in PU5-l.8 cells 
(a) PU5-1.8 cells were incubated with PMA (lOOng/ml) or colchicine 
(lmM) or medium alone in the presence of 1.6pg/ml of zymosan A. For 
the PKC depleted cells (DP.KC)' PU5-1.8 cells were chronically 
incubated with PMA (O.lpg/ml) at 37°C, 5% COZ for 24h before used. (b) Similar treatment were done as shown in tal except that C' (1%, 
v/v) was present in each cell sample. 
The phagocytic acti vi ties of PU5-1.8 cells were then measured as 
described in "Materials and Methods". The yeasts taken by the 





























































Effect of C' on plasma membrane potential, [cJ·]i and intracellular 
pH (pHi) of PU5-I.B cells 
PU5-I.B cells (2xl05 cells/ml) were equilibrated with 75nM of bis-
oxonol (a), pre-loaded with indo I-AM for 30 min (b) or pre-loaded 
with 211M of BCECF-AM (c). After the fluorescence baseline was 
obtained, l%(v/v) of C' was added to the cell suspension. Where 
indicated, gramicidin (lllg/ml), ionomycin (O.lllg/ml), NH 4Cl ( 15mM) 
or zymosan A (60pg/ml) was added. . 
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4. Signal pathways for the regulation of cell adhesion o n 
plastic surface in PU5-1.8 cells 
Adhesion of PU5-1.8 cells on plastic surface 
Evidence shows that adhesion molecules on macrophage cell 
surface (eg. Mac-1) involved in the adhesion of the cells on 
plastic surface (Anderson et al., 1986), and the adhesion is 
rapidly induced (Miller et al., 1987). PU5-1.8 cells 
suspended in Na+-HEPES buffer (with 0.5% BSA) were allowed to 
adhere on microtitre culture plate for various time intervals 
(Fig. 4-1). Though without activation, the degree of adhesion 
was time dependent and a plateau of adhesion could be reached 
at about 60 minutes. PU5-1.8 cells treated with phorbol ester 
PMA (0.1 ~g/ml) or ionophore gramicidin (1 ~g/ml) was also 
assayed. PMA treatment on PU5-1.8 cells also led to a plateau 
after 60 minutes but the number of cell adhered on the surface 
was increased. Gramicidin, on the other hand, gradually 
decreased the cell adhesion on plastic surface but it came to 
a stable adhesion level after 60 minutes. Therefore, an 
incubation time of 60 minutes was believed to be suitable time 
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Effect of PMA and gramicidin on cell adhesion on plastic surface in 
PU5-1.8 cells 
PUS-l.8 cells (lxl06 cells/ml) mixed with PMA (lOOng/ml), gramicidin 
(lpg/ml) or buffer alone were pipetted to microtiter plate and allow 
to settle and adhere to plastic bottom in Nat-HEPES (with 0.5% BSA) 
for various time interval at room temperature. Adhered cells were 
washed and the number of cells were determined as described in 
"Materials and Methods". Resul ts are mean ± SD of tripl icate 
determinations. 
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Effects ··of membrane potential on cell adhesion on plast i c 
surface in PU5-1t8 cells 
As described in Fig. 4-1, gramicidin decreased the 
adhesion of PU5-1.8 cells on the plastic surface. It seems 
likely that depolarization of plasma membrane of PU5-1. 8 cells 
prevents the cells from adhesion, and the suppression was also 
found to be dose dependent (Fig.4-2). The greater the extent 
of membrane depolarization, the more suppression of adhesion 
could be obtained. This inhibitory effect mediated by 
depolarization were also observed when the adhesion assay was 
performed in HEPES buffer with varying Na+ and K+ composition 
(Fig. 4-3). Increasing the proportion of K+ in HEPES buffer 
caused the cells less adhesive (Fig.4-3). 
Hyperpolarization of plasma membrane of PU5-1.8 cells by 
valinomycin also decreased the adhesion of cells to the 
plastic surface (Fig. 4-4). However, the effect was weaker 
when compared to that of gramicidin since the prevention of 
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Effects of gramicidin on cell adhesion of PU5-1.8 cells 
PU5-1.8 cells (lx106 cells/ml) were allowed to adhere to plastic 
microtitre plate in Nat-HEPES (with 0.5% BSA) with various 
concentrations of gramicidin at room temperature for lh. After 
washing, number of the adhered cells was determined as described in 
"Materials and Methods". The adhesion ability of each cell sample 
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Effect of changes in extracellular composi tion of Nat and Kt on 
adhesion on plastic surface in PU5-1.8 cells 
PU5-1.8 cells (lxl06 cells/ml) were suspended in HEPES buffer 
containing different proportions of [Nat ] to [Kt] and allowed to 
adhere to plastic bottom of microtitre plate at room temp~rature for 
Ih . . After washing, ' cell number were determined by Folin method as 
described in "Materials and Methods". Cell adhesion abili ty was 
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Dose dependent dec rease of ce 11 ad hes i on of PU5-1. 8 ce 11 s to 
plastic surface by valinomycin 
PU5-1.8 cells (1x106 cells/ml) were allowed to adhere to plastic 
microtitre plate in Na+-HEPES (with 0.5% BSA) with various 
concentrations of valinomycin at room temperature for 1h. After 
washing, number of the adhered cells was determined as described 
in "Materials and Methods". The adhesion ability of each cell 
sample was represent in % adhesion of control. Results are mean 
± SO of triplicate determinations. 
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Effects of activation of protein kinase C on cell adhesion on 
plastic surface in PU5-1.8 cells 
Activation of protein kinase C has been found to increase 
the adhesiveness of macrophage cell line J774 to endothelial 
cells (Hemler et 81., 1988). The role of PKC was also 
investigated for their function in regulating the adhesion on 
plastic surface in PU5-1.8 cells. PMA increased the 
adhesiveness in PU5-1.8 cells and the enhancement was dose-
independent (at least in the range 10-1 to 103 ng/ml of PMA) 
(Fig. 4-5). As indicated previously in Fig.4-2, challenge of 
cells with 1lls/ml gramicidin produced about 15% of cell 
adhesion as compared to control. In Fig. 4-5, cells were 
treated with various concentrations of PMA. Subsequent 
addition of gramicidin also decreased the adhesion. This PMA 
effect reflected the possibility that the cell adhesion 
prevention by membrane depolarization was simply repulsion of 
surface charges. 
When inhibitors of PKC such as staurosporin and H7 were 
used to treat PU5-1.8 cells 15 minutes before PMA addition, 
PMA is supposed to be no longer able to acti vate PKC, and 
therefore the activation of PU5-1.8 cells adhesion by PKC 
eliminated (Fig. 4-6 a). As shown in Fig. 4-6b, the PKC 
inhibi tor treated PU5-1. 8 cells were still susceptible to 
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gramicidin. Hence, the prevention of cell adhes i on by 
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Effect of PMA on the PUS-I.B cells adhesion and gramicidin-induced 
decrease of cell adhesion 
PUS-l.8 cells ( Ixl06 cells/ml) were treated wi th various 
concentrations of PMA in the absence (0) or presence (.) of 
gramicidin (lpg/ml) in Nat-HEPES (with 0.5% BSA) and allowed the 
adhesion of cells in the microtitre plate at room temperature for 
lh. Adhered cells number of each sample were determined as 
described in "Materials and Methods". % adhesion of control was 
determined by the number of cell adhered in cell sample divided by 
number of cell adhered in control cell samples. Results are mean ± 
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Effects of protein kinase C on gramicidin-mediated cell adhesion of 
PUS-l.B cells 
(a) PUS-l.B cells (lxl06 cells/ml) were first treated with or 
without PKC inhibitor staurosporin (lOOng/ml) or ~ (lOOng/ml) for 
15 min at room temperature. Cells were then treated with or without 
PMA (lOOng/ml) as indicared during cell adhesion. 
(b) PUS-l.B cells (lxlO cells/ml) were treated with or without 
staurosporin (lOOng/ml) or H7 (lOOng/ml). In some samples, cells 
were added with gramicidin (l~g/ml) together with the above drugs. 
The cells were then allowed to adhere to microtitre plate at room 
temperature for lh. Number of adhered cells were estimated as 
described in "Materials and Methods". Resul ts are mean ± SD of 
triplicate determinations. 
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Effects . of intracellular calcium and cAMP on adhesion on 
plastic surface in PU5-1.8 cells 
It has been shown previously in macrophage J774 (Issaad 
et a.1., 1989) that adhesion on plastic surface was independent 
In PU5-1.8 cells, Ca2+ ionophore ionomycin and 
A23187 can elevate the cytosolic Ca2+. However, the elevation 
of [Ca2+]i could not induce the adhesiveness of PU5-1.8 cells 
(Table 4-1). On the other hand, when the cells were first 
pre-loaded with BAPTA-AM, a Ca2+ chelator lowering the [Ca2+]i' 
stimulation of subsequent cells wi th or wi thout the ionophores 
did not cause additional cell adhesion. These observations 
suggest that elevated or lowered level of [Ca2+]i did not 
change the ability of adhesion on plastic surface in PU5-1.8 
cells. 
Elevation of cAMP level was reported to induce the PKC 
translocation to plasma membrane and hence increase the cell 
adhesiveness (Cambier et al., 1987). When PU5-1.8 cells were 
treated with cAMP elevating agents or analog, more cells were 
able to adhere on plastic surface. Cholera toxin and 
theophylline can both increase the intracellular cAMP level in 
macrophages. However, the results in Fig.4-7 show that the 
effect of cholera toxin was much greater than that of 
theophylline. The effect of cAMP analog Sp-cAMPS on PU5-1.8 
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cells adhesion also enhanced the cell adhesion but smaller 
than that as in the case of in cholera toxin (Fig. 4-7 c). 
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Table 4-1 Effects of intracellular calcium ([C~+]i) on cell 






+ BAPTA-AM (5~M) ' 
A23187 (1 OOng/ml ) 
A23187 (1 OOng/ml ) 
+ BAPTA-AM (5~M) 
adhesion (% of control) 
100 
95.2 + 7.2 
94.1 + 6.8 
94.7 + 4.2 
101.5 + 1.7 
103.3 + 5.0 
(a) PU5-1.8 cells (1X10 6 cells/ml) were loaded with or 
without intracellular calcium chelator BAPTA-AM for 15 min. 
After washing, PU5-1.8 cells were then allowed to adhere on 
microtitre plate in Na+-HEPES (with 0.5% BSA) containing 
i onomyci n or A23187' or buffer a lone at room temperature for 
1h. Adhered cell numbers were determined as described ln 
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Effects of cAMP elevating agents on the cell adhesion on plastic 
surface ln PU5-1.8 cells 
PU5-1.8 cells (lx106 cells/ml) were treated with cholera toxin (a), 
theophylline (b), and cAMP analog Sp-cAMPS (c) in RPM! 1640 and 
allowed to adhere on microti tre plate for 2 to 6 h at room 
temperature. The number of adhered cells were estimated by Folin 
method as described in "Materials and Methods". Results are mean ± 
SD of triplicate determinations. 
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In vivo cell adhesion of PU5-1.8 cells in Balb/c mice 
Cell adhesion on plastic surface by macrophages involves 
interaction between the plastic surface and the heterogeneous 
adhesion molecules on cell surface. Though the adhesion 
molecules are employed for the adhesion of macrophages on 
plastic surface and in vivo binding targets such as 
endothelial cells lining the capillaries, the in vitro study 
of adhesiveness of cells on plastic surface may not represent 
the same behaviour in in vivo targets. 
In order to study the in vivo adhesion behaviour of PU5-
1.8 cells, PU5-1.8 cells treated with or without gramicidin 
were injected intravenously into Balb/c mice. The continuous 
presence of gramicidin was previously found to be very potent 
in preventing cell adhesion on plastic surface in PU5-1.8 
cells (Fig. 4-1 and 4-2). This potency was found to be 
retained when PU5-1.8 cells suspension were pre-treated with 
gramicidin and adhered on gramicidin-free buffer (Fig. 4-8). 
Two ml of 5 x 106 cell/ml of untreated cells and gramicidin 
pre-treated cell sample were injected intravenously to 8 and 
7 Balb/c mice respectively. After 35 and 38 days, 2 mice from 
control group (injected with control cell samples) became weak 
(weakness was determined by the slowness in response), and it 
was observed that the proper locomotive abilities of the 
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hindlimbs were lowered. On day 41, one mouse f rom the 
gramicidin group alsC) become weak. All four limbs were 
normal; however, shivering and unresponsiveness were notab l y 
observed. These three mice were isolated and encaged 
separately from the others. Food and water was administered ad 
libatum. 
After 51 days, the two weak mice from control group were 
found to have their posterior part of body atrophied while the 
one injected with gramicidin-treated cells remained weak but 
still alive. When compared to a normal Balb/c mouse, the weak 
control mouse had a much thinner thigh while the weak 
gramicidin mouse was normal in the same region (Fig. 4-9). 
Moreover, the hindlimbs of the weak control animal always 
retreated and could not extend freely (Fig. 4-10). The weak 
control mice were unable to support the body with the 
hindlimbs and therefore the belly always touched the ground, 
they no longer used their hindlimbs for locomotion and only 
crawling movements using the front limbs were possible (Fig. 
4-11). 
Compared to the normal mice, the weak gramicidin mouse 
shivered and appeared weaker, but nevertheless mani fested 
normal locomotive abilities. It was speculated that the mice 
taken from the two groups all suffered from the tumours bui l t 
up by PU5-1.a cells. However, they had different distributio n 
134 
of the tumour cells in the bodies. Untreated PU5-1.8 ce lls 
injected into the control group may localize in the thigh o f 
the mice since it is close to the tail (site of injection). 
Therefore, their thigh become atrophied and affected the 
movement of hindlimb. This observation may be due to the 
effect of gramicidin such that the adhesiveness of PU5-1.8 
cells decreased and the cells could be distributed to the body 
away from the thigh and tail. Hence, though the weak 
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Effects of gramicidin on the cell adhesion on plastic surface in 
PU5-l.8 cells 
PU5-l.8 cells (lxl06 cells/ml) were first incubated at room 
temperature in Nat-HEPES with or without lpg/ml of gramicidin in a 
shaking machine (lOOrpm) for various time intervals as indicated. 
The treated cells were then suspended in Na+-HEPES (with 0.5% BSA) 
in the absence of gramicidin and were allowed to adhere to 
microtitre plate for lh. The resultant adhered cells were estimated 





Change In thigh of Balb/c mIce by intravenous injection of PU5-l.B 
cells 
Control: Balb/c ~ouse was injected intravenously to tail with 2ml 
of 5xlO cells/ml of untreated PU5-l.B cells. 
Gramicidin: Balb/c ~ouse was injected intravenously to tail with 2ml 
of 5xlO cells/ml of PU5-l.B cells treated with lpg/ml 
of gramicidin for 30 min. 
Normal: Balb/c mouse without any injection. 
The size of thigh of Balb/c were compared on Day 51. 
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Fig.4-10 Change in hindlimbs movement in Balb/c mice by intravenous injection 
of PU5-I.B cells 
Control: Balb/c ~ouse was injected intravenously to tail wi th 2ml 
of 5xl0 cells/ml of untreated PU5-I.B cells. 
Gramicidin: Balb/c ~ouse was injected intravenously to tail with 2ml 
of 5xl0 cells/ml of PU5-l.B cells treated with l~g/ml 
of gramicidin for 30 min. . 
The mice were picked up by tails and examined the abili ties of 
extending hindlimbs. 
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Fig.4-11 Change in supportive and motive abilities of hindlimbs in Balb/c 





Balb/c ~ouse was injected intravenously to tail with 2ml 
of 5xlO cells/ml of untreated PU5-1.B cells. 
Balb/c ~ouse was injected intravenously to tail with 2ml 
of 5xlO cells/ml of PU5-1.B cells treated with l~g/ml 
of gramicidin for 30 min. 
Balb/c mouse without any injection. 
were examined with strength of hindlimbs. 
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5. Effects of various agonists on the cell adhesion on 
plastic surface in PU5-lea cells 
Dose dependence of various agonists against the cell adhesion 
ability of PU5-1e8 cells 
The chemotactic peptide N-formyl-methionyl-leucyl-
phenylalanine (FMLP), endotoxin lipopolysaccharide (LPS), 
lectin concanavalin A (con A) and complement (e') were all 
found to have some effects on the cell adhesion ability of 
PU5-1.8 cells on plastic surfae. FMLP decreased the 
adhesiveness of PU5-1. 8 cells in a dose-dependent manner (Fig. 
5-1 a). As shown in 'Fig.5-1b, low dose of LPS (5ng/ml-5pg/ml) 
suppressed the cell adhesion of PU5-1.8 cells, with a lowest 
point at 500 ng/ml. On the other hand, con A greater than 100 
ng/ml was able to increase the cell adhesion of PU5-1.8 cells 
to plastic surface (Fig. 5-1 c). When PU5-1.8 cells were 
treated with complement together with yeast, less adhesion was 
observed at high dose of complement (1% (v/v)) (Fig. 5-1 d), 
PU5-1.8 cells become less adhesive to plastic surface. Yeast 
had no effect on cell adhesion, therefore, the preventing 
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Fig.5-1 Effects of various agents on the cell adhesion to plastic surface in 
PU5-1.B cells 
Various concentrations of (a}FMLP, (b}LPS, (c}con A and (d}C' were 
applied to PU5-1.B cells for cell adhesion to plastic surface of 
microtitre plate. Cells were incubated in Na+-HEPES (with 0.5% BSA) 
at room temperature for 1h. (d) In the assay of C', 1.6pg/ml of 
zymosan A were also added. (e) Cells were treated with zymosan A 
( 1. 611g/ml) only. % adhesion of control were determined as 
described in "Materials and Methods". Resul ts are mean ± SD of 
triplicate determinations. 
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6. Cell adhesion to plastic surface in bone marrow-derived 
macrophages 
Membrane potentials control the adhesiveness of bone marrow 
derived macrophage (BMDM0) to plastic surface 
Both membrane depolarization and hyperpolarization by 
gramicidin and valinomycin respectively decreased the cell 
adhesion of bone marrow-derived macrophage (BMDM0) to plastic 
surface in dose-dependent manner (Fig. 6-1 a and b). 
Effects of phorbol ester PMA on cell adhesion to plastic 
surface in bone marrow derived macrophage (BMDM0) 
Effects of PMA on cell adhesion in BMDM0 were studied. At 
dose 0.1 to 10 ng/ml of PMA, cell adhesion was increased. 
However, further lncrease in the concentration of PMA 





































Effect of various concentrations of gramicidin and valinomycin on 
adhesion of bone marrow-derived macrophages (BMDM+) to plastic 
surface 
Various concentrations of gramicidin apd valinomycin were added to 
bone marrow-derived macrophages (lxlO cells/ml) and allowed the 
settle and adhesion of the cells to microtitre plate in Nat-HEPES 
(with 0.5% BSA) at room temperature for lh. After washing, the cell 
number on wells of microtiter plate were determined as described i n 
"Materials and Methods" and the cell adhesion ability of the treated 
cells were represent as % adhesion of control sample. Results a r e 












Dose dependent effect of PMA on bone marrow-derived macrophages 
adhesion to plastic surface 
Bone marrow-derived macrophages (lxl06 cells/ml) were incubated with 
various concentrations of PMA in Nat-HEPES (with 0.5% BSA) in 
microtitre plate at room temperature for Ih. Non-adhered cells were 
washed by Nat-HEPES buffer. Cell number of adhered cells were 
determined as described in "Materials and Methods". The adhesion 
abili ty of bone marrow-deri ved macrophages were represent as % 
adhesion of control sample. Results are mean ± SD of triplicate 
determinations. 
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adhesion to plastic surface in bone marrow derived macrophage s 
(BMDM0) 
Elevation of cAMP level in BMDM0 by agents such as 
cholera toxin, theophyll ine and Sp-cAMPS was found to decrease 
cell adhesion in a time-dependent manner. Cholera toxin gave 
a very similar time curve with 1 mM Sp-cAMPS (Fig. 6-3 a and 
b), both agents decreased the cell adhesion maximally at the 
time interval of 2 to 4 hours of incubation and led a cell 
adhesion of around 80% of control sample. Theophylline was 
less potent and was able to decrease about 10% cell adhesion 
after 4 hours incubation (Fig. 6-3c). 
The increase in [ca2+]i was believed to be not important 
in inducing cell adhesion of BMDM0 on plastic surface since 
there was no significant change in cell adhesion when cells 
were treated with 1 ~g/ml ionomycin (Fig. 6-3 d). However, 
microtubule asssembly was still important as colchicine was 
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Effects of several drugs on cell adhesion to plastic surface In bone 
marrow-derived macrophages 
Bone marrow-derived macrophages (lxl06cells!ml) were incuba ted with 
various concentrations of {a)cholera toxin, (b) t heophyll ine and 
(c)Sp-cAMPS as indica ted, cells were also treated with (d)ionomycin 
( lOOn g! ID 1 ), col ch i c i n e (1 mM ) 0 r m ed i u m a 1 one . Ce 11 s we re the n 
pi ptted to mi cro t itre plate and a llowed for adh es ion. After 
washing , t he adh e r ed ce ll numbe r was es t imated by the m th d 
desc ribed i n "Mate r i a ls and Me thods" . Results are me n + D 
triplicat e cleterminatio ns . 
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Section 4 Discussion 
1. Effects of membrane potential on cell proliferation in 
PU5-1.a cells and bone marrow-derived macrophages 
The signal pathways governing cell proliferation have 
been long agreed to include the activation of tyrosines, the 
hydrolysis of phosphoinositides, the increase of intracellular 
calcium and the increase in internal pH (Schkisinger et al., 
1988 ) . Investigations have centred on these pathways and 
little was known about the role of other intracellular signals 
such as membrane potential on the regulation of cell 
proliferation. In light of this, the effect of membrane 
potential on cell proliferation in PU5-1.8 cells and bone 
marrow-derived macrophages was investigated. 
Membrane depolarization of PU5-1. 8 cells by treatment 
with ionophore gramicidin or high Kt buffer was accompanied by 
an increase in DNA synthesis, measured by the 3 [H]-thymidine 
incorporation assay. These treatments also increased the 
expression of the early response genes associated with cell 
proliferation such as proto-oncogene c-myc and c-fos, and the 
depolarization of plasma membrane was found to have a direct 
enhancement effect on cell proliferation in PU5-1.8 cells 
(Fig. 1-1 and 1-2). 
Further study of the effect of membrane depolarization on 
the proliferation in PU5-1.8 cells showed that severa l 
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biologically active agents such as lipopolysaccharide (LPS), 
chemotac.tic pe pt ide N- formyl-methionyl-leucyl-phenylalanine 
(FMLP), epidermal growth factor (EGF), bradykinin (BK) which 
have no mi togenic effect in macrophages (Hamil ton et al., 
1989) also have no effect on DNA synthesis and membrane 
potential in PU5-1.8 cells (Fig. 1-3 and 1-4). However, the 
potent mitogen fetal calf serum (FCS) increased DNA synthesis 
and depolarized the plasma membrane in PU5-1.8 cells. The 
treatment of cells wi th ionophore valinomycin inhibi t the FCS-
mediated DNA synthesis (Fig. 1-5). These observations suggest 
that mi togen may increase cell proliferaton via depolarization 
of plasma membrane in PU5-1.8 cells. 
Resul ts obtained in bone marrow deri ved-macrophages, 
peritoneal macrophages (ValIance et al., 1990; Vairo et al., 
1988) and other cell types (Moolennar et al., 1986) showed 
that an increase in pH. 1 through the activation of 
antiportor is critical for cell proliferation. In the present 
study, an increase in pH. was demonstrated to be one of the 1 
intermediate steps that lead to membrane depolarization (Fig. 
1-6). This indirect evidence further lends a support to the 
conclusion that membrane depolarization plays a role in cell 
proliferation in PU5-1.8 cells. 
Evidence in many other cell types shows that protein 
kinase C plays an important and regulatory role in the 
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transmission of extracellular signals into subce llular 
effector systems (Nishizuka et al., 1988); Farago et 81 . , 
1990). In PU5-1.8 cells, PKC was also found to modulate the 
membrane depolarization-mediated increase (Fig. 1-7 c). 
Activation of PKC by PMA also suppressed the DNA synthesis by 
gramicidin mediated membrane depolarization (Fig. 1-7 a,b). 
These results further strengthened the relationship between 
membrane depolarization and cell proliferation. 
Bone marrow-derived macrophages (BMDM0) also showed 
similar responses to membrane depolarization evident in PU5-
1.8 cells (Table 1-1). Membrane depolarization mediated by 
gramicidin or by high K+ medium also increased the DNA 
synthesis. A reversal effect was observed in BMDM0 that 
valinomycin suppressed the DNA synthesis (Table 1-1). PKC was 
also found to modulate the DNA synthesis mediated by plasma 
membrane depolarization. Thus, the membrane depolarization 
mediated increase in cell proliferation was not restricted to 
the tumour cell line PU5-1.8 cells but was observed also 1n 
normal macrophages such as BMDM0. 
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2. Intracellular signals for the regulation of phagocytosis in 
PU5-l.a cells 
Investigation of the signalling effect of membrane 
potential revealed that membrane depolarization increased the 
surface receptors in phagocytes (Roberts et al., 1984), which 
then enhanced the sensitivity of the cells to external 
stimuli. In macrophages stimulated by Fc receptor with IgG 
linked particle, ion flux and transient depolarization were 
induced (Young et al., 1983). In the present study, the 
results obtained from PU5-1.8 cells also revealed the 
importance of membrane depolarization for phagocytosis. 
Depolarization of PU5-1.8 cells was found to cause higher 
phagocytic activities as determined by yeast uptake (Fig. 2-2 
and 2-3). 
As mentioned before, PKC regulates the signal 
transduction pathways and was found to assist phagocytosis by 
increased microtubule assembly (Newman et al., 1991) In PU5-
1.8 cells, PKC could increase phagocytosis when the PMA 
concentration was low and suppressed phagocytosis when the 
dose was high (Fig. 2-8). The suppressive effect may be due 
to a feedback regulation. Alternatively, the PKC isozymes 
which mediate the positive forward reaction was downregulated 
by the high concentration of PMA (review see Nishizuka, 1986). 
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The activation of phagocytosis by membrane depolarization 
in PU5-1.8 cells is rather complex. The uptake of yeast in 
PU5-1.8 cells is through both a PKC-dependent and a PKC-
independent pathway. This notion is based on the fact that 
phagocytosis could also be observaed in PKC-depleted cells. 
In PU5-1.8 cells, membrane depolarization mediated by 
gramicidin decreased the [Ca2+]i transiently followed by a 
substained increase in [ca2+]i while activation of PKC by PMA 
also increased the [ca2+]i level (Fig.2-7a, Fig.2-12). These 
results are consistent with the reported finding in PC12 cells 
(Fasolato et al., 1989). A possible mechanism was then 
deduced that membrane depolarization increased the [Ca2+] i and 
triggered phagocytosis. The action of PKC on phagocytosis may 
also be through the [Ca2+] i because PMA also increased [Ca2+] i 
in PU 5 -1 . 8 cell s (F i g. 2 -16 ) . Hence, it is likely that the 
membrane depolarization-induced phagocytosis requires an 
increase of [Ca2+]i' On the other hand, PKC could directly 
decrease the membrane depolarization mediated by gramicidin 
(Fig. 2-11), Data indicate that phagocytosis is modulated by 
PKC at least at the membrane potential level although other 
late events mediated by PKC cannot be ruled out. 
It is interesting to find that mixing of yeast with PU5-
1.8 cells could also trigger membrane hyperpolarization (Fi g . 
2-4). These resul ts are similar to the observation in r at 
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peri toneal macrophages (Kouri et 81., 1980). Hence it is 
likely that binding of yeast ini tiates phagocytosis by 
hypepolarization of plasma membrane. Results in the present 
study also indicate that membrane hyperpolarization mediated 
by valinomycin or low K+-buffer can also induce phagocytosis 
in PU5-1.8 cells. However, the effect was biphasic and a 
suppressive effect was obtained when the membrane potential 
was highly hyperpolarized (Fig. 2-5 and 2-6). Thus, plasma 
membrane hyperpolarization seems to be another signal that 
induces the phagocytosis in macrophages. 
PKC is also involved in this mechanism of phagocytosis. 
PKC was found to be required for the hyperpolarization-induced 
phagocytosis. Activation of cells by PMA increased the uptake 
of yeasts (Fig. 2-9 and 2-10). Since both membrane 
hyperpolarization and PKC activation increased [Ca2+]i in PU5-
1.8 cells (Fig. 2-7b and 2-12) , it is possible that both 
membrane hyperpolarization and PKC activation elevate the 
[Ca2+]i and trigger phagocytosis. Therefore, PKC can enhance 
the hyperpolarization-mediated phagocytosis at the [ca2+]i 
level. In the present study resul ts also indicate that 
elevation of [Ca2+] i led to an increase in phagocytosis in PU5-
1 .8 cells but too high a level of [Ca2+] . may have an adverse 
1 
effect (Fig. 2-16). These observations coincide well with the 
data in neutrophil that phagocytosis is accompanied by an 
increase in [Ca2+] i (Walker et 81., 1991). 
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cAMP is one of the major second messengers. However, 
cAMP has no effect on phagocytosis in PU5-1.8 cells (Fig . 2-
17), and an increase in cAMP level decreases the phagocytic 
activities in many phagocytes (Wirth et al., 1982). On the 
other hand, decrease in internal pH enhanced the phagocytosis 
in PU5-1.8 cells (Fig. 2-18). 
Previous report indicated that cAMP activated Na+/H+ 
antiporter and increased the pHi in PU5-1.S cells and other 
macrophages (Kong et al., 1989), and a decrease in pHi was 
found to depolarize plasma membrane (Paulmichl et al., 1985). 
Therefore cAMP may depress phagocytosis in many phagocytes and 
does not promote the phagocytosis in PU5-1.8 cells via pHi 
pathway. 
The importance of microtubule assembly in phagocytosis 
has already been established. The complement C3 (C3) 
receptor, an important surface receptor for phagocytosis, 
requires the microtubule assembly to transform into on active 
form (Griffin et al., 1979). Both the attachment and the 
ingestion process in phagocytosis require an intact 
microtubule organization (Newman et a1, 1990). In the present 
study, microtubule assembly was also found to be important in 
phagocytosis in PU5-1.8 cells. The basal phagocytosis (uptake 
without external stimuli or opsonins) or the phagocytosis 
stimulated by an array of activators such as membr a n e 
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depolarization, hyperpolarization, FMLP, LPS, Con A and C' all 
requir~d intact microtubule (Fig. 2-14, 3-2, 3-5, 3-8, 3-12 ) . 
It is therefore quit clear that the process of microtubule 
assembly is a fundamental requirement for phagocytosis in 
PU5-l.8 cells. 
The stimulations mentioned above were all able to trigger 
phagocytosis in PU5-l.8 cells. However, their effects were 
mediated by very different signal pathways. 
FMLP could increase phagocytosis of PU5-l.8 cells in a 
dose-dependent biphasic manner with an optimal dose at 100 pM 
(Fig. 3-1). The activation of phagocytosis by FMLP is 
possible through the activation of PKC because the FMLP 
activation was suppressed by the pretreatment of cells with 
PMA and the enhancement in phagocytosis by FMLP was largely 
eliminated when PU5-l.8 cells were PKC-depleted (Fig. 3-2). 
Though there have been reports showing that FMLP elevates the 
[ca2+]i in macrophages and neutrophil, however, FMLP did not 
[ 2+ increase the Ca] i' the pHi nor the changes in membrane 
potentials in PU5-l.8 cells (Fig. 3-3). Therefore, FMLP may 
use another as yet unknown pathways for the activation of 
phagocytosis. 
LPS also showed a biphasic effect on phagocytosis (Fi g . 
3-4 ) . However, unlike the action of FMLP, LPS effect wa s 
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believed to be independent of the PKC since the activat i on or 
deplet~on of PKC did not alter the ability of the LPS-mediated 
phagocytosis (Fig. 3-5). Though LPS did not change the 
membrane potential and [ca2+]i in PU5-l.S cells, it decreased 
the pH. gradually (Fig. 3-6). 
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Therefore, LPS likely uses a 
pH .-dependent, PKC-independent pathway for the phagocytosis. 
1 
As the case in FMLP, Con A also increased the 
phagocytosis in PU5-1.S cells (Fig. 3-7). The phagocytosis 
enhanced by Con A appear to be mediated by at least two 
pathways. One is dependent on the activation of PKC while the 
other is PKC-independent (Fig.3-S). The 2+ [ Ca ] i ' pH . and 1 
membrane potential did not change as PU5-l. S cells were 
activated by Con A (Fig. 3-9). Hence, Con A may utilize a 
signal pathway for the phagocytosis which is modulated by PKC 
and independent on [Ca2+]i' pHi and membrane potential. 
C' enhanced the phagocytosis in PU5-l. S cells. The 
enhancement was found to be PKC independent since there are no 
change in the C'-mediated enhancement in phagocytosis either 
in PKC activation or PKC depletion (Fig. 3-11f, 3-12). 
However, C' was believed to use a membrane potential and 
2+ [Ca ]i dependent pathway to induce phagocytosis in PU5-l.S 
cells because C' induced an increase of [Ca2+] i and a membrane 
depolarization in PU5-l.S cells (Fig. 3-13). 
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As a summary, though several signal tranducers such a s 
membrane depolarization, membrane hyperpolarization, 2+ [ Ca ] i ' 
PKC activation, pHi were believed to be involved in 
phagocytosis in PU5-1.8 cells, the use of signal pathways by 
phagocytic active agents such as FMLP, LPS, Con A and C' are 
very diversified under a very complex regulation. 
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3. Signal pathways for the regulation cell adhesion on plastic 
surface in PU5-l.a cells and bone marrow-derived macrophages 
The major adhesion molecules such as Mac-1 and LFA-1 of 
the integrin family have been discovered to be involved in the 
adhesion of leukocyte on plastic surface (Graham et al., 1991; 
Anderson et al., 1986). The signal pathway regulating the 
adhesion in plastic surface may reflect the processes in 
biological responses such as cell-cell adhesion, leucocyte 
homing and inflammatory reaction. 
The intracellular signal modulator PKC was found to 
increase cell adhesion in J774 macrophages (Issaad et al., 
1989) and the possible mechanism was the strengthening of 
adhesion molecules Mac-1/LFA-1 to microfilament network in the 
cell by PKC activities (Hember et al., 1988). The data in the 
present study show that PKC activation increased cell adhesion 
{Fig. 4-5). In PU5-1.8 cells, challenge of cells with the 
ionophore gramicidin, valinomycin or buffer wi th variations in 
extracellular Na+ /K+ composition decreased cell adhesion (Fig. 
4-2, 4-3, 4-4). These observation suggest that changes in the 
plasma membrane potential alters the cell adhesion in PU5-1.8 
cells. The depolarization effect on cell adhesion was found 
not to be independent of the PKC activation since inhib ito rs 
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of PKC did not alter the depolarization effect (Fig. 4-6 ). 
The decrease of cell adhesion by membrane depolarization, 
however, was modulated by PKC in a biphasic manner (Fig. 4-
5). Therefore, the depolarization-mediated decrease in PU5-
1.8 cell adhesion was believed not to be due to a simple 
electric repulsion between cells and plastic surface. The 
depolarization-mediated decrease in cell adhesion in PU5-1.8 
cells was also studied in in vivo experiments. Untreated PU5-
1.8 cells were localized at the si te of injection after 
administration to the Balb/c mice. However, no such 
phenomenon could be observed when the cells were treated with 
gramicidin. (Fig. 4-9, 4-10, 4-11). 
[Ca2+]i elevation was found to be associated with the 
binding of adhesion molecules LFA-1 in lymphocytes (Pardi et 
al., 1989). The spontaneous or secondary response of [Ca2+]i 
increase could be observed during adhesion of neutrophils 
(Jaconi et al., 1988). However, in the adhesion study of PU5-
1.8 cell·s , neither elevation nor decrease of [Ca2+] . increased 
1 
the cell adhesion (Table 4-1). Similar result was obtained in 
macrophage J774 (Issaad et al., 1989). On the other hand, 
cAMP was a potent mediator in increasing cell adhesion in PU5-
1.8 cells (Fig. 4-7). In lymphocytes, it was suggested that 
the cAMP induced the PKC translocation for the cell adhesion 
(Cambier et al., 1987). Whether a similar mechanism occurred 
in PU5-1.8 cells remains unknown. 
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Among the agonists used (FMLP, LPS, Con A and C'), only 
Con A was found to increase cell adhesion in PU5-1.8 cells at 
high dosage. The increase in cell adhesion by high dose of 
Con A may be due to the binding of cell to plastic surface 
through Con A, since there are some specific oligosaccharide 
on cell surface of neutrophil and monocyte, which are involved 
in adhesion to endothelial cells (see review, Feize, 1991). 
Other agonists reduced the ability of cells to adhere to 
plastic surface (Fig. 5-1). This may be due to the fact that 
these agents promote cell movement. 
The signal transduction pathway governing cell adhesion 
in BMDM0 is very different from PU5-1.8 cells. Though cell 
adhesion of BMDM0 was decreased by depolarization and 
hyperpolarization of plasma membrane, the two effects are very 
different from the ones in PU5-1. 8 cells (Fig. 6-1). The 
effect of depolarization was less potent than 
hyperpolarization in BMDM0 while the reversed phenomenon was 
found in. PU5-1.8 cells. Even though PMA still increased cell 
adhesion in BMDM0, high dose of PMA led to a reduction in 
cell adhesion. In contrast to PU5-l.8 cells, elevaton of 
cAMP in BMDM0 decreased cell adhesion (Fig. 6-2, 6-3 a,b,c). 
It is clear that signals governing cell adhesion in PU5-1.8 
cells and BMDM0 are very different. This could be due to the 
tumorigenic properties of PU5-1.8 cells. 
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4. General discussion 
The large number of different kinds of receptors onthe 
cell surface of macrophages reveal the complex functions of 
these cells. The limi ted number of signal pathways and 
effector systems therefore need to be well-established for 
efficient and specific intercommunication. 
By the study of the mitogenesis, phagocytosis and cell 
adhesion of the PU5-1. 8 cells and BMDM0, several signal 
pathways were investigated. Membrane depolarization was found 
to be an effective and important signal pathway in PU5-1.8 
cells and BMDM0 in mitogenesis and phagocytosis. PKC seems 
to be a modulator for these cellular responses. 
Hyperpolarization of plasma membrane was not simply a reversal 
event vis-a.-vis depolarization , it giving rise to similar 
effects as depolarization in phagocytosis and cell adhesion. 
On the other hand, it seems likely that [Ca2+]. and cAMP act 
1 
independently of each other in phagocytosis and cell adhesion. 
The study of phagocytosis and cell adhesion by various 
agonists shows that a complexi ty in signal transduction 
exists. Among the four agonists used, no two of them showed 
similar responses in either phagocytosis or cell adhesion. 
These observations also suggest the specificity in the si g nal 
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transduction pathway. The clear picture for the mechan isms 
underlying these cellular responses remains elusive. 
Comparison between signal pathways in PU5-1.8 cells and 
bone marrow derived macrophages revealed the differences in 
transmembrane signalling in normal macrophages and tumour cell 
lineage. Signals transmitted in cell proliferation may be 
similar in PU5-1.8 cells and BMDM0, however, there are large 
differences in the pathways for the cell adhesion. Further 
investigations are required to delineate the differences 
between the normal macrophages and macrophage-like tumour cell 
lines. 
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